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ABSTRACT 

This  r e p o r t  c o n s i s t s  of a comprehensive review of pas t  work on 
t h e  s u b j e c t  of rad-io no i se  of n a t u r a l  o r i g i n  and. i s  convenient ly  d.ivid.ed. 
i n t o  two major po r t ions .  P a r t  I is concerned. with t h e  rad-io no i se  i n  the  
ionosphere and. P a r t  I1 i s  concerned. wi th  t h e  s o l a r  rad-io noise  from t h e  
sun. It i s  w e l l  known t h a t  t h e  rad-io no i se  of n a t u r a l  o r i g i n  from t h e  
ionosphere can be d-ivid-ed. i n t o  two gene ra l  categories--nonthermal  and. 
thermal  (Sec t ion  1 .7 ) .  
(VLF) and. extremely-low-frequency (ELF) emission.  

The former includ-es w h i s t l e r s ,  very-low-frequency 

The purpose of t he  present  review i s  t o  o u t l i n e  and. summarize 
previous work on t h e  s u b j e c t  of genera t ion  and. propagation of n a t u r a l l y  
occur r ing  rad-io no i se  from t h e  ionosphere and. from t h e  sun, and. t o  d-etermine 
t h e  a p p l i c a b i l i t y  of t he  nonl inear  microwave tube  i n t e r a c t i o n  t h e o r i e s  t o  
t h e  stud-y of t h e s e  n a t u r a l  phenomena. 
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I. RADIO NOISE IN THE IONOSPHERE - ---- 

1.1 Classification and Characteristics of VLF Noise - -  --- 

At frequencies between approximately 200 cps and. 30 kc/s there 

occurs radio noise of natural origin known as "Atmospheric Whistler" and. 

"VLF Emission'' (also called "VLF ionospheric noise"). 

From the examination of a large quantity of high resolution spectro- 

grams, it has been d.ed.uced.l that a major fraction of "VLF Emission" is 

excited in the exosphere by streams and. bunches of high-speed. ionized. 

particles precipitating into the ionized. atmosphere in the presence of 

the earth's magnetic field.. The electromagnetic waves excited. are then 

propagated. in the manner of whistlers. A systematic classification of 

observed. VLF noise can be given as follows: 

1.1.1 Whistlers. Whistlers result from the d-ispersive propagation, 

over a very long path, of very low frequency electromagnetic waves rad-iated. 

by lightning impulses. Through the action of free electrons in the outer 

ionosphere they are believed. to follow horseshoe-shaped paths d-efined by 

the earth's magnetic field, traveling from one hemisphere to the other 

in a time of the ord.er of one second.. A l l  frequencies are emitted. at 

once. 

1.1.2 VLF Emissions. It is believed that VLF emissions are not -- 
caused. by lightning and are strongly associated to magnetic perturbations. 

There are two principal types: 

1. Continuous in both time and frequency. Steady-state situation 

(e.g., Hiss). 
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2. D i s c r e t e ,  b u t  of ten  of a r e p e t i t i v e  na tu re .  Trans ien t  s i t u a t i o n ,  

e .g . ,  Hook, Raisers, Quas i -Ver t i ca l  ( c h o r u s ) ,  f a l l i n g - t o n e s ,  Quasi-  

ho r i zon ta l ,  pseud.0 noses , e t c .  

1.1.3 I n t e r a c t i o n  Between Whist lers  -- and. VLF' Emissions. The 

i n t e r a c t i o n  involves  e i thel-  t h e  continuous o r  t h e  d i p c r e t e  VLF m i s s i o n s .  

The o r i g i n  and. c h a r a c t e r i s t i c s  of w h i s t l e r s  a r e  r e l a t i v e l y  w e l l  

understood2. 

wi th in  the ionosphere and. although many types a r e  recognized. no sat is-  

f a c t o r y  theory of t h e i r  o r i g i n  h a s  y e t  been advanced. 

1 .2  Mechanisms of Generation - of VLF -- Emissions 

VLF emissions,  on the  o the r  hand., appear  t o  o r i g i n a t e  

- - 

With t h e  r e l a t i v e l y  E m a l l  amount of information F O  far  a v a i l a b l e ,  

any d.iscussion of t h e  o r i g i n  of t e r r e s t r i a l  V!F' no i se  b u r s t s  m u s t  be 

l a r g e l y  specu la t ive .  Nevertheless  over t h e  p a s t  d.ecad.e consid-erable 

e f f o r t  has been expend-ed. on t h e  e s s e n t i a l l y  s i m i l a r  problem of exp la in ing  

s o l a r  rad.io no i se  b u r s t s .  These  a r e  gene ra l ly  be l ieved  t o  o r i g i n a t e  i n  

t h e  i n t e r a c t i o n  between f a s t - s t r eams  of charge p a r t i c l e s  and t h e  plasma 

of t h e  s o l a r  corona, and. t he  sugget.ted mechani i-m i nc ludes  plasma o s c i l l a -  

t i o n s ,  gyro and synchrotron rad-iat ion and. Cerenkov r a d i a t i ~ n ~ , ~ .  

one might expec t  t h a t  t h e  i n t e r a c t i o n  between a u r o r a l  p a r t i c l e  streams 

and. t h e  p lasma of t he  outer-atmosphere of t h e  e a r t h  would. a l s o  produce 

r a d i o  noise .  The gyro-frequency and. plasma frequency i n  t h i s  reg ion  a r e  

such t h a t  t h e  wave frequency of no ise  generated by any of t h e  above 

processes  would. be i n  t h e  kc/s t o  mc/s range,  r a t h e r  than  t e n s  o r  

hundred-s mc/s as from t h e  sun. 

of t h e  observer and an  accep tab le  process  f o r  t h e  t e r r e s t r i a l  case  must 

pr0vid.e f o r  t h e  propagat ion of t h e  r a d i a t i o n  inward. through t h e  plasma 

t o  t h e  ground i n s t e a d  of outward. through t h e  s o l a r  corona.. 

S i m i l a r l y  

The main d- i f fe rence  l i e s  i n  the  p o s i t i o n  

Since the  
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c r i t i c a l  pene t r a t ion  frequency of t h e  F-region i s  much h ighe r  than t h e  

wave frequency of VLF no i se ,  t h i s  means t h a t  t h e  terrestr ia l  process  

must prod-uce "extraord. inar i ly"  polarized. rad- ia t ion  instead. of t h e  

"ord.inary" p o l a r i z a t i o n  favored. i n  t h e  s o l a r  case.  

1 .2 .1  S e l e c t i v e  Traveling-Wave Amplif icat ion Process .  I n  a 

t h e o r e t i c a l  stud.y of VLF emission by Gal le t  and. H e l l i w e l 1 5  it w a s  assumed. 

t h a t  a p a r t  of t h e  low frequency rad- ia t ion  is  generated. i n  t h e  e a r t h ' s  

exosphere and. t h e  s e l e c t i v e  traveling-wave a m p l i f i c a t i o n  process  i n  t h e  

o u t e r  exosphere i s  postulated.. A stream of e l e c t r o n s  a c t s  l i k e  t h e  

beam i n  a traveling-wave tube and t h e  ambient ionospher ic  plasma a c t s  

l i k e  t h e  slow-wave s t r u c t u r e .  The inpu t  s i g n a l s  a r e  assumed. t o  be provid-ed. 

by w h i s t l e r  energy, Cerenkov rad-iat ion and. thermal  rad- ia t ion.  I n  o the r  

word-s t h e  longi tud- ina l  i n t e r a c t i o n  of t he  e lec t romagnet ic  wave and. a 

beam of ionized. p a r t i c l e s  would. b r i n g  about  an a m p l i f i c a t i o n  of t h e  

e lec t romagnet ic  wave provid-ed t h a t  t h e  average v e l o c i t y  of t he  incoming 

beam i s  approximately equa l  t o  the  phase v e l o c i t y  v 

magnetic waves. 

of t h e  e l e c t r o -  
Ph 

It has been ~ u g g e s t e d . ~  t h a t  a d i s c r e t e  w e l l  spaced group of charged 

p a r t i c l e s  e n t e r i n g  t h e  ionosphere may produce d.om chorus by t h i s  process  

of s e l e c t i v e  traveling-wave ampl i f i ca t ion .  I n  a three-d-imensional med-ium 

t h i s  i s  t h e  same as t h e  Cerenkov process6. Using t h i s  process  Dowden7 has 

explained. t t h i s s r '  as t h e  amplified. Cerenkov emission from e l e c t r o n  streams. 

1 .2 .2  Cerenkov Rad-iation. The mechanism of VLF emission by 

Cerenkov rad- ia t ion  from a charged. p a r t i c l e  t r a v e l i n g  a long  a geomagnetic 

l i n e  of f o r c e  has been discussed by va r ious  workers8-13. 

t i o n  i s  e m i t t e d .  by charged p a r t i c l e s  when the  resolved. components of 

p a r t i c l e  v e l o c i t y  equals  t h e  phase v e l o c i t y  of t h e  wave i n  some d- i rec t ion  

Cerenkov r a d i a -  
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( i . e .  , t h e  p a r t i c l e  v e l o c i t y  matches t h e  component of wave v e l o c i t y  i n  

t h e  d- i rect ion of p a r t i c l e  motion) .  

For t h e  X-m0d.e t h e  r e f r a c t i v e  index i s  

where fo ,  f 

8 i s  the  propagation angle  which i s  t h e  ang le  between t h e  d- i rec t ion  of  

wave propagation and. t he  magnetic f i e l d .  l i n e  of fo rce .  I f  v r e p r e s e n t s  

t h e  p a r t i c l e  v e l o c i t y ,  f o r  t h e  p a r t i c l e  t r a v e l i n g  i n  t h e  d - i rec t ion  of 

t h e  magnetic f i e l d  ( c r ,  = 0 ) ,  then  t h e  coherence condi t ion  f o r  Cerenkov 

emission i s  

and f a r e  plasma, a r o  and. wave frequency r e s p e c t i v e l y .  H 

e .g . ,  f o r  t h e  reg ion  where f << f and. f << f s u b s t i t u t i n g  Ey. 2 i n t o  

Eq.  1, one has 

H 0’ 

v2 f C O S  e 
U f -  

c2 fH 
, 

which suggests  t h a t  a given frequency may be generated. by it Cerenkov 

process  und-er a wide v a r i e t y  of cond-it ions of p a r t i c l e  speed., pldsma 

frequency and magnetic f i e l d  i n t e n s i t y .  The expected e lec t romagnet ic  

dower d-ensity has been c a l c u l a t e d  on t h e  b a s i s  of incoherent  rad-il i t ion 

by El l i s1* .  

1.2.3 Cyclotron (Gyro) Radia t ion .  C:yclotron gyro)  rad- ia t ion  

i s  synchrotron r a d i a t i o n  emitted. by n o n r e l a t i v i s t i c  p a r t i c l e s  a t  t h e  

gyro-frequency and i t s  harmonic?.  The power e m i t t e d .  i n  t h e  seve ra l  
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harmonics per  e l e c t r o n  and. t h e  polar  d-iagram of emission have been t reated.  

ex tens ive ly  i n  t h e  l i t e r a t u r e ,  e .g . ,  Schwinger15 f o r  t h e  case  of a f ree  

e l e c t r o n ,  and. Twiss and. Roberts4 for t h e  case  of an  e l e c t r o n  insid-e an 

ionized. med-ium. I n  genera l ,  only t h e  fund-amental frequency may propagate  

t o  t h e  ground. without  encountering a n  i n f i n i t e  r e f r a c t i v e  ind-ex a t  t h e  

l e v e l  where t h e  wave frequency i s  equa l  t o  t h e  gyro-frequency. 

The frequency and power e m i t t e d .  from e l e c t r o n s  wi th  d-ensity N 

and v e l o c i t y  v cm/sec i n  a h e l i c a l  o r b i t  a long  a magnetic l i n e  of 

f o r c e  are given by15 

f H  f =  
1 k pn cos  cp cos 8 (4) 

and. 

&r2 e2 
p = -  - f2P2N s i n 2  cp 3 c H  ( 5 )  

where cp i s  t h e  ang le  between the  v e l o c i t y  v e c t o r  of t h e  e l e c t r o n  and 

t h e  magnetic l i n e  of fo rce .  

An e l e c t r o n  t rapped between t h e  magnetic mi r ro r s  moves fo l lowing  

t h e  r e l a t i o n 1 6  

where B i s  t h e  magnetic flux d e n s i t y  and. B i s  t h a t  a t  t h e  mi r ro r  p o i n t s .  

It is  noted t h a t  t h e  emission power becomes weak around. t h e  t o p  of t h e  

geomagnetic l i n e  of fo rce  by the f a c t o r  sin2cp i n  Eq. 5 .  

such  examination of r a d i a t i o n  power has  eve r  been mad-e. 

m 

However, no 

- a. Doppler-Shifted. Proton Cyclotron Radiat ion.  The i n t e r -  

a c t i o n  of a traveling-wave-tube-type ampl i f i ca t ion  process  r e q u i r e s  t h e  
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v e l o c i t y  matching of t h e  e lec t romagnet ic  wave and beam over an  ex tens ive  

reg ion  of space i n  o rde r  f o r  an  apprec i ab le  amount of energy t o  be t r a n s -  

ferred. from t h e  beam t o  t h e  wave. I n  ord.er t o  remove t h i s  poss ib l e  

objec t ion ,  MacArthur17 has proposed. a theory  based. on a Doppler-shifted- 

proton gyro-concept. 

A cloud. of protons,  impinging on t h e  e a r t h ' s  magnetic f i e l d  a t  

h igh  speed, w i l l  i n  gene ra l  be d e f l e c t e d  i n t o  a h e l i c a l  pa th  about  t h e  

l i n e  of fo rce ,  r o t a t i n g  wi th  angular  frequency LD 

t h e  proton mass. 

source  of an e lec t romagnet ic  wave having an angular  source  frequency w 

and. moving forward. wi th  v e l o c i t y  v .  Hence, a Doppler -sh i f t  i n  f requency 

w i l l  r e s u l t ,  wi th  t h e  r a d - i a t e d .  angular  frequency given by 

= He/Mc, where M i s  
S 

This r o t a t i n g  cloud. of protons may be consid-ered. as a 

S 

w 
S 

L D =  , 
(1 - 2) 

Ph 
V 

where v i s  t h e  phase v e l o c i t y  of t h e  wave, v = c /n ,  where n i s  t h e  
Ph Ph 

ind-ex of r e f r a c t i o n .  For a w h i s t l e r  m0d.e 

By e l imina t ing  n and. v i n  t h e  above equat ions  one can so lve  f o r  t h e  

radiated.  angular  frequency i n  terms of v a r i o u s  parameters.  MacArthur 

showed. t h a t  G a l l e t ' s  equa t ion  f o r  r a d i a t e d  frequency can be d-erived. as 

a l i m i t i n g  case of a more gene ra l  equat ion  r e s u l t i n g  from a q u i t e  d - i f f e ren t  

mechanism. 

r a d i a t i o p  can be made t o  cover cases  n o t  expla ined  by t h e  TWT method.. 

Ph 

It has been pointed out  t h a t  t h e  Doppler -sh i f ted  proton gyro- 
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Maed-a and K i m u r a 1 8  have t r e a t e d  t h e o r e t i c a l l y  t h e  ampl i f i ca t ion  

due t o  t h e  t r ansve r se  i n t e r a c t i o n  of t he  e lec t romagnet ic  wave wi th  a 

cyc lo t ron  mod-e of a proton beam i n  p l ace  of an e l e c t r o n  beam. 

b .  - --Shifted. E lec t ron  Cyclotron Rad-iation. Dowden'' 

has proposed. t h e  theory  of Doppler-shif ted cyc lo t ron  rad- ia t ion  from e l e c -  

t r o n s  matching t h e  w h i s t l e r  mode i n  the  backward d i r e c t i o n  t o  expla in  

"hook" by showing t h a t  a d.iscrete bunch of e l e c t r o n s  w i l l  produce a d i s c r e t e  

emission. This theory  has been supported wi th  experimental ly  observed. 

results2' .  

reced-ing e l e c t r o n  i n  t h e  exosphere can be Doppler shif ted.  t o  a frequency 

Dowd.enZ1 a l s o  showed t h a t  t h e  cyc lo t ron  rad- ia t ion  from a 

much less than the  l o c a l  gyro-frequency, a d  a stream of e l e c t r o n s  w i l l  

produce band-l imited white no ise  o r  "hiss" .  Associated. w i th  t h e  lower 

frequency l i m i t  of t he  band the re  i s  an emission cu to f f  and- the  upper 

l i m i t  c o n s t i t u t e s  a propagation c u t o f f .  

wide and very  wid.e bands of h i s s  can be prod-uced. by e l e c t r o n  streams of 

even very  broad v e l o c i t y  and. p i t c h  d - i s t r ibu t ion .  

It w a s  pointed. out21 t h a t  narrow, 

1.2.4 Other Poss ib le  Mechanisms --- Which Have Been Proposed. 

- a .  Plasma I n s t a b i l i t i e s .  It has been shown recently" 

-- 

t h a t  a beam of s o l a r  p a r t i c l e s  pene t r a t ing  t h e  ionosphere w i l l  even tua l ly  

e x c i t e  enhanced. plasma o s c i l l a t i o n s  i n  the  lower frequency band. and- 

genera te  an electromagnet ic  noise  which i s  d e t e c t a b l e  on t h e  ground. 

Suppose t h a t  a t  a c e r t a i n  t i m e  it i s  t r ave r sed  by a homogeneous, incoming 

e l e c t r o n  beam o r i g i n a t i n g  from the  sun ( o r  from Van Allen b e l t s ) .  

r e s u l t i n g  complex medium may be e l e c t r i c a l l y  n e u t r a l ,  e i t h e r  i f  t h e  beam 

i t s e l f  a l s o  c r e a t e s  p o s i t i v e  i o n s  by c o l l i s i o n  o r  if ionospheric  ions  

r e - e s t a b l i s h  n e u t r a l i t y .  However i f  t h e  v e l o c i t y  d i s t r i b u t i o n  of t h e  

e l e c t r o n  i s  s t r o n g l y  d-istorted.  i n  v e l o c i t y  space,  a convect ive i n s t a b i l i t y  

The 
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must automatically occur. This means that if at a certain moment there 

is a s m a l l  fluctuation of charge density in the medium, due for instance 

to a slight local inhomogeneity of the beam, this fluctuation will grow 

indefinitely while propagating along the beam. Actually its growth will 

be limited by a nonlinear effect, damping and finally by the disruption 

of the beam. From the phenomenological point of view the instability 

will appear as a succession of very rapid variations in place and time 

of the parameters of the medium such as electron density, current and 

fields, these variations growing indefinitely while propagating. The 

ouset of nonlinear effects will then change the nature of the disturbance 

which, instead of remaining purely electrostatic in nature, will acquire 

radiation properties and generate an enhanced electromagnetic noise. 

This mechanism is essentially 

to explain the origin of solar noise emission. The noise thus generated 

will eventually reach the ground, either directly with frequencies above 

the maximm plasma frequency of the underlying ionosphere, or indirectly, 

by the whistler mode with frequencies below the gyro-frequency, along the 

geomagnetic line of force. It must be noted that the noise spectrum 

should correspond to the instability band of the interacting beam-plasma- 

dispersion diagram, whose frequency ranges from zero to an upper limit 

somewhat above the electron plasma frequency. 

the same as the one proposed by HaeffZ3 

Thus the traveling-wave-tube mechanism to which the 7619 emission 

has been ascribed (Galletl) does not appear to be an essential implication 

of the phenomenon. 

b. Anomalous Doppler Waves from Charged Particles. While - -- 
studying the ionospheric absorption of the VLF emission at the auroral 
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zone, 0 n d . 0 h ~ ~  

correspond. t o  

has  found. t h a t  t h e  d-aytime inc reases  of chorus i n t e n s i t y  

d-aytime inc reases  of  incoming p a r t i c l e s  such as cause 

ionospher ic  absorp t ion  of cosmic rad-io no i se  on q u i e t  d-ays. 

t h e  f a c t  t h a t  t h e  power f l u x  of  3.5 x 

explained. by most t h e o r i e s  of VLF emission t h a t  may expla in  up t o  

I n  view of 

W m-* (C/S)-l  cannot be 

W m-2 (C/S)- l  a t  most, and. s i n c e  the  anomalous Doppler waves are 

known t o  be growing waves25, 0nd.oh has  proposed t h a t  anomalous Doppler 

waves from charged. p a r t i c l e s  produce cosmic no i se  absorp t ion  as an o r i g i n  

of VLF emission i n  t h e  ou te r  exosphere. It w a s  pointed out  t h a t  it may 

e m i t  a power of t h e  ord.er of W m-‘ (C/S)- l .  

Ond.oh26 a l s o  suggested. the p o s s i b i l i t y  of a m p l i f i c a t i o n  of Cerenkov 

i n s t a b i l i t i e s  i n  t h e  outer-exosphere a t  geocent r ic  d-istances beyond. about  

four e a r t h  radii [2(fo/f  )(v/c)]’  - > 1 f o r  a v e l o c i t y  v of t h e  o rde r  of 

lo4 km/sec. Hence the  Cerenkov i n s t a b i l i t y  wi th  t h e  complex frequency 

f = f + i 7 may appear  i n  t h e  outer  exosphere.  The cond i t ion  f o r  t h e  r 

anomalous Doppler e f f e c t  i s  given by GinzburC5 as 

H 

c: 
COS e > - . 

n V  

Thus t h e  i n s t a b i l i t y  suggested. by Ond.oh26 may be t h e  anomalous Doppler 

e f f e c t  and t h e r e f o r e  t h e  Cerenkov i n s t a b i l i t y  may prod-uce t h e  growing 

wave. 

For example, by consid.ering t h e  pene t r a t ions  of t h e  stream of 

charged. p a r t i c l e s  wi th  v e l o c i t i e s  v1 = cfH/2fo and. v2 > cfH/2fo i n t o  

t h e  o u t e r  exosphere simultaneously,  t h e  VLF emission may be expleined. 

s i n c e  t h e  cond-ition (8) can be met. 

1.3 Comments on t h e  Various Mechanisms - -- 
The theory  of t h e  traveling-wave-tube i n t e r a c t i o n  i n  VLF emission 

can  be  d-eveloped f u r t h e r  by tak ing  i n t o  account  some p l a u s i b l e  l a w s  of 
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v a r i a t i o n  of cloud v e l o c i t i e s  and by exp la in ing  t h e  i n t e r a c t i o n  between 

w h i s t l e r  and.VLF emissions by t h e  a c c e l e r a t i o n  of p a r t i c l e s  by t r a i n s  of 

e lectromagnet ic  waves. 

The TWT mechanism has been considered i n  grea.t  d e t a i l  f o r  h i s s  

by Dowden7 i n  which account i s  taken of t h e  s p i r a l  motion of p a r t i c l e s  

t r a v e l i n g  i n  t h e  magnetic f i e l d . ,  t h e  i n t e r a c t i o n  d i s t a n c e  f o r  which 

ampl i f i ca t ion  a t  any one frequency can occur ,  and t h e  slowing down of t h e  

stream p a r t i c l e s  by t h e  wave a m c l i f i c a t i o n  process .  It has been shown 

t h a t  narrow band. b u r s t s  of h i s s  can be generated by weak e l e c t r o n  streams 

of even very  broad. v e l o c i t y  and p i t c h  d i s t r i b u t i o n .  The c e n t e r  frequency 

of such a band of h i s s  i s  c h a r a c t e r i s t i c  of t h e  t e rmina t ing  l a t i t u d e  of 

t h e  l i n e  of fo rce  of genera t ion .  

From cons idera t ion  of t h e  frequency spectrum it appears"' t h a t  

continuous emission such as " h i s s "  o r  a mul t ip l e  of accend-ing tone  "chorus" 

are due t o  the  Cerenkov-type emission and d i s c r e t e  emission "hook" i s  due 

t o  cyc lo t ron  emission from e l e c t r o n s  t r a v e l i n g  away i n  h e l i c a l  o r b i t e  

about  the geomagnetic field. .  From t h e  p o i n t  of view of rad- iat ion i n t e n s i t y ,  

on t h e  o ther  hand, i f  the  r a d i a t i o n  i s  incoherent ,  then  both  Cerenkov 

and. cyc lo t ron  mechanisms are incapable  of prod-ucing power l e v e l s  even 

remotely approaching those  observed''. 

of t h e  noise--about 10-l' W m-2 (C/S)-'--is s e v e r a l  ord.ers of magnitud-e 

g r e a t e r  than would be expected on t h e  basis of Cerenkov emission14 o r  

gyro-emissionby a s i n g l e  p a r t i c l e .  This d iscrepancy  i s  n o t  considered 

s e r i o u s ,  however, s i n c e  coherent  emission by a c l o s e l y  spaced group of 

pa r t i c l e s27  could. i nc rease  t h e  i n t e n s i t y  t o  t h e  observed l e v e l s .  

o t h e r  words, one way t o  inc rease  t h e  ou tpu t  from e i t h e r  t h e  Cerenkov o r  

cyc lo t ron  Process would be t o  prod-uce some degree of coherence i n  t h e  

For example, t h e  observed i n t e n s i t y  

I n  

i 
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r a d i a t i o n  from individ-ual  pa r t i c l e sz8 .  This would. r e q u i r e  t h a t  t h e  

p o s i t i o n  of p a r t i c l e s  i n  t h e  wave normal d- i rec t ion  be such t h a t  t h e i r  

r a d i a t i o n  components w i l l  add i n  phase. Examination of w h i s t l e r  mode 

propagat ion shows t h a t  though the longi tud-inal  component of e l e c t r i c  f ie ld .  

i s  usua l ly  s m a l l  it may be  apprec iab le  i f  t h e  propagat ion i s  s u f f i c i e n t l y  

far  from pure ly  l o n g i t u d i n a l .  

t hose  p a r t i c l e s  moving a t  near ly  t h e  same longi tud- ina l  v e l o c i t y ;  those  

A s  t h e  wave propagates  i t  w i l l  tend t o  t r a p  

p a r t i c l e s  moving s l i g h t l y  slower than  t h e  wave w i l l  be  a c c e l e r a t e d ,  and. 

t hose  moving s l i g h t l y  fas te r  w i l l  be d-ecelerated-. If t h i s  mechanism 

ope ra t e s  over a s u b s t a n t i a l  l eng th  of pa th ,  s i g n i f i c a n t  changes i n  t h e  

p a r t i c l e  v e l o c i t y  d - i s t r ibu t ion  may occur,  s i n c e  t h e  v e l o c i t y  of t he  wave 

cont inuously changes wi th  pos i t i on  a long  t h e  pa th .  

c l e s  w i l l  be grouped i n  bunches of about a half-wavelength,  and. s o  t h e  

I n  a d d i t i o n  t h e  p a r t i -  

d.egree of coherence of t h e i r  r a d i a t i o n  w i l l  be  increased.. 

Another phasing mechanism, proposed by Bricez9, i s  based. on t h e  

resonance between s p i r a l l i n g  e l e c t r o n s  and whistler-rn0d.e waves t r a v e l i n g  

a t  t h e  appropr i a t e  speed i n  t h e  oppos i te  d- i rec t ion .  I n  t h i s  mechanism 

t h e  magnetic f i e l d  of t he  wave a c t s  t o  s h i f t  t h e  phase of t h e  p a r t i c l e  

u n t i l  t h e  f o r c e  on t h e  e l e c t r o n  d-ue t o  t h e  wave magnetic f i e l d .  i s  red-uced. 

t o  zero.  i n  v e l o c i t y  

space s o  t h a t  t h e i r  cyc lo t ron  rad-iation add-s i n  phase i n  t h e  backward. 

The r e s u l t  i s  t h a t  the  p a r t i c l e s  are organized 

d i r e c t  i on. 

Ad-vantages of t h i s  cyclotron mechanism inc lude  s t r o n g  coupl ing 

when propagat ion i s  pure ly  long i tud ina l  and. t h e  f a c t  t h a t  phasing d.oes 

n o t  r e q u i r e  phys i ca l  bunching of charge.  

Observation30 of VLF noise  by t h e  Alouet te  I S a t e l l i t e  shows t h a t  

t h e  band. of n o i s e  shows systematic  v a r i a t i o n  wi th  t h e  p o s i t i o n  of t he  
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space c r a f t  i n  t h e  geomagnetic f i e l d . ;  frequency d-ecreases wi th  inc rease  

i n  t h e  la t i tud-e  Of t h e  S a t e l l i t e .  These observa t ions  are compared. w i th  

t h e  t h e o r i e s  of genera t ion  of VLF exospheric  no i se  ( H i s s )  d-eveloped. by 

D ~ w d . e n ~ , ~ l .  The comparison ind-icates  t h a t  t h e  observed s p e c t r a l  d - i s t r i -  

bu t ion  of t he  no i se  i s  perhaps more c o n s i s t e n t  w i th  t h e  Doppler-shifted.  

cyc lo t ron  theo ry  of genera t ion ,  b u t  t h e  d-epend-ence on t h e  geomagnetic 

f i e l d  i s  i n  b e t t e r  agreement wi th  t h e  t ravel ing-wave-tube ampl i f i ca t ion  

theory .  

band. no ise  ( n e i t h e r  seems t o  adequate ly  exp la in  a l l  f e a t u r e s  of t h e  

observa t iona l  d a t a )  it has been pointed. out3' t h a t  TWT theory  i s  perhaps 

t h e  most hopeful  and it should. r e c e i v e  f u r t h e r  stud.y. Thus t h e  e f f i c a c y  

of t h e  traveling-wave mechanism i s  s t i l l  open t o  ques t ion .  

Although bo th  t h e o r i e s  can account  f o r  narrow, wid-e and ve ry  wid-e  

1.3.1 Period-ic Emission and. Tr igger ing  Hypothesis:  (Whis t l e r -  

M0d.e Per iodic  Emission Theory.) 

i n t o  t w o  types:  

v a r i e s  sys t ema t i ca l ly  wi th  frequency and a nondispers ive  type  i n  which 

t h e  period. d.oes no t  vary .  I n  a l l  a t t empt s  t o  exp la in  t h e  period.ic VLF 

emission, au tho r s  assume t h e  - a p r i o r i  e x i s t e n c e  of 

charged. p a r t i c l e s  t h a t  o s c i l l a t e s  between mi r ro r  p o i n t s  i n  t h e  e a r t h ' s  

magnetic field. .  It i s  then assumed. t h a t  t h e  bunch rad-iates a n o i s e  b u r s t  

each time i t  passes  through a f avorab le  r eg ion  of t h e  ionospheric  plasma, 

so  t h a t  t h e  emission per iod  i s  t h e  same as t h e  mi r ro r  

which i s  r e f e r r e d  t o  as t h e  "par t ic le -bunch  theo ry  of nondispers ive  

VLF emission".  

A p e r i o d i c  VLF emission can be divid-ed. 

a d i s p e r s i v e  type  i n  which t h e  pe r iod  between b u r s t s  

a small  bunch of 

period. of t h e  bunch, 

The experimental  evid-ence l i n k i n g  w h i s t l e r s  t o  both types  of 

period-ic emission has been presented. by Rel l iwel lZ8 and a S ing le ,  

unifying theo ry  of t h e i r  o r i g i n  w a s  proposed., which w a s  r e f e r r e d  t o  as 
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"whistler-mode pe r iod ic  emission theory".  

it w a s  argued t h a t  those  two c l a s s e s  of period-ic emission are fund-amentally 

t h e  same and t h a t  t h e  genera t ion  of t h e  emission i s  control led.  by echoing 

whistler-mod-e waves, r a t h e r  than  by mi r ro r ing  p a r t i c l e  bunches. 

From t h e  experimental  r e su l t s  

Although t h e  d e t a i l s  a r e  not y e t  und.erstood. a mechanism has been 

proposed.28 i n  which the  w h i s t l e r  waves a c t  t o  temporar i ly  ' 'organize" t h e  

p a r t i c l e s  i n  e x i s t i n g ,  unbunched. streams of charge t h a t  are  trapped. i n  

t h e  e a r t h ' s  magnetic f i e l d . .  The ind-ividual  p a r t i c l e s  i n  t h e  organized. 

group then  r a d i a t e  coherent ly ,  g iv ing  r ise  t o  temporary enhancement of 

t h e  t o t a l  n o i s e  power. It appears t h a t  i n  whistler-mode period-ic emission 

theory ,  t h e  w h i s t l e r  need only s e t  up t h e  appropr i a t e  condi t ion  f o r  more 

e f f e c t i v e  conversion of k i n e t i c  t o  e lec t romagnet ic  energy. 

a l s o  proposed. t h e  experimental  t e s t  of t h e  t r i g g e r i n g  theory ,  and. pointed. 

ou t  t h a t  on t h e  b a s i s  of t h e  t r i g g e r i n g  hypothes is ,  t h e  common phenomena 

"chorus" could. be interpreted.  as t h e  supe rpos i t i on  of many sets of 

period-ic emissions t r a v e l i n g  on one o r  more f i e l d  a l igned  pa ths .  

H e l l i w e l 1 2 8  

It might be of i n t e r e s t  t o  no te  t h a t  r e c e n t l y  coherent  rad- ia t ion  

by plasma o s c i l l a t i o n  i n  a l abora to ry  experiment i n  t h e  microwave range 

has  been reported. by Skinner  and. Vallner3'. 

between longi tud- ina l  o s c i l l a t i o n s  on t h e  beam and. an e lec t romagnet ic  wave 

t r a v e l i n g  normal t o  t h e  beam. This observa t ion  might be h e l p f u l  i n  t h e  

stud.y of t he  VLF emission mechanism by plasma o s c i l l a t i o n .  The cond-it ions 

i n  which coherent  genera t ion  and ampl i f i ca t ion  of e lec t romagnet ic  rad-ia- 

t i o n  can o c c w  i n  a plasma have been invest igated-  by a number of 

a ~ t h o r s ~ ~ ~ ~ ~ ~ ~ .  

c i e n t  may assume a negat ive  value f o r  a p a r t i c u l a r  frequency i f  t h e r e  

e x i s t s  a r a d i a t i v e  process  where t h i s  f r e q u e n c y i s  emitted only by e l e c t r o n s  

The idea  i s  based. on coupl ing 

It has been shown that  t h e  r a d i a t i o n  absorp t ion  c o e f f i -  
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of p a r t i c u l a r  energy, provid ing  t h a t  t h e  a c t u a l  energy d - i s t r i b u t i o n  of 

t he  fas t  e l e c t r o n s  has  a p o s i t i v e  s lope  f o r  t h i s  va lue  of energy. If 

t h e  absorp t ion  c o e f f i c i e n t  i s  nega t ive  then  a wave t r a v e l i n g  through t h e  

plasma w i l l  be ampl i f ied .  

even a s l i g h t  modi f ica t ion  t o  a Maxwell energy d i s t r i b u t i o n  can l e a d  t o  

coherent cyc lo t ron  r a d i a t i o n .  

Bekefi ,  e t  al.32, f o r  example, have shown t h a t  

1.3.2 

Plasma I n s t a b i l i t y .  An e l e c t r o n  i n j e c t e d  i n t o  a l o n g i t u d i n a l  magnetic 

f i e l d .  wi th  some i n i t i a l  t r a n s v e r s e  motion w i l l  r o t a t e  a t  t h e  cyc lo t ron  

frequency i n  the  t r a n s v e r s e  plane.  

which i s  polarized. i n  the  t r a n s v e r s e  plane and which o s c i l l a t e s  a t  t h e  

cyc lo t ron  frequency i s  p resen t ,  a cumulative energy in te rchange  between 

t h e  e l e c t r o n  and t h e  f i e l d  w i l l  occur.  This p r i n c i p l e  of cyc lo t ron  

resonance i n t e r a c t i o n  has been app l i ed  t o  t h e  cons t ruc t ion  of a baclcwa.rd- 

wave osc i l l a to r3*  and a m p l i f i e r  which r e q u i r e s  no slow-wave c i r c u i t .  1 t 

i s  i n t e r e s t i n g  t o  note  t h a t  i n  t h e  TWA it i s  t h e  r-f e l e c t r i c  f i e l d  that ,  

does the bunching and. t h e  e x t r a c t i o n  of energy. However, i n  t h e  caTe of 

cyclo t ron  resonance, bunching i s  provided by t h e  r-f magnetic f i e l d .  and. 

energy e x t r a c t i o n  i s  provided by an r-f e l e c t r i c  f i e l d .  A tube  of t h i s  

type  w i l l  support  a m p l i f i c a t i o n  i n  b o t h  t h e  forward and backward d i r e c -  

t i o n s .  It  i s  w e l l  known t h a t  if t h e  tube  c u r r e n t  i s  h igh  enough backward- 

wave o s c i l l a t i o n  w i l l  occur ,  s i n c e  t h e  feedback mechanism i s  b u i l t  i n .  

The backward-wave a m p l i f i c a t i o n  i n  t h e  cyc lo t ron  resonance i n t e r a c t i o n  

may be viewed as a consequence of a plasma i n s t a b i l i t y ,  which i s  r e f e r r e d  

Tr igger ing  of VLF Emission b 2  Transverse Resonance 

If a radio-frequency e l e c t r i c  f i e l d .  

t o  as “ t r ansve r se  resonance plasma i n s t a b i l i t y ” .  

t h a t  t h i s  type  of i n s t a b i l i t y  might be r e spons ib l e  f o r  t h e  t r i g g e r i n g  of 

a c e r t a i n  type  of observed. VLF emission,  and B e l l  and- B ~ n e m a n ~ ~  have 

c a r r i e d  out  d-evelopment of  t h e  theory .  

Brice2’ has  suggested. 

The type  of i n s t a b i l i t y  considered. 
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by B e l l  and Buneman i s  t h a t  due t o  t h e  resonance between c i r c u l a r l y  

po la r i zed  whistler-mode electromagnet ic  waves propagat ing i n  a r e l a t i v e l y  

cold. plasma and. t h e  gy ra t ing  e l ec t rons  contained. i n  a stream which pene- 

t r a t e s  t h i s  co ld  plasma. 

It was pointed. ou t  t h a t  both i n  l a b o r a t o r y  plasmas created. i n  a 

mi r ro r  geometry and i n  t h e  e a r t h ' s  exospheric  plasma, such a s t reaming 

cond-it ioq may e x i s t ,  and ionospheric  observa t ion  of  w h i s t l e r  growth may 

be expected.. For whistler-mode propagat ion,  t h e  wave frequency i s  always 

less than  t h e  e l e c t r o n  gyro-frequency, and f o r  gyro-resonance t o  occur it 

is  necessary  t h a t  t h e  wave and the  stream t rave l  i n  oppos i te  d i r e c t i o n s .  

Neufeld. and Wright36 cons ider  the  process  of gyro-resonance i n  t h e  whis- 

t l e r  mode f o r  t h e  case  i n  which t h e  stream has ze ro  i n i t i a l  t r ansve r se  

v e l o c i t y ,  and. concludes t h a t  no i n s t a b i l i t i e s  e x i s t  f o r  t r ansve r se  e l e c t r o -  

magnetic waves propagat ing along t h e  f i e ld -  l i n e s  when t h e  stream d- i rec t ion  

opposes t h a t  of t h e  wave. This conclusion i s  p l a u s i b l e  on the  b a s i s  of 

energy cons ide ra t ions  ( i . e . ,  the stream w i l l  f a i l  t o  t r a n s f e r  energy t o  

t h e  wave). 

Neufeld e t  a l .  would i n e v i t a b l y  r e s u l t  i n  a longi tud- ina l  i n s t a b i l i t y . )  

However, f o r  streams wi th  f i n i t e  i n i t i a l  t r a n s v e r s e  v e l o c i t y ,  t h e  a n a l y s i s  

of  Neufeld. e t  a l .  must be modified and. B e l l  and- Buneman have d-emonstrated. 

t h a t  a spread  of stream e lec t ron  v e l o c i t y  i n  t h e  t r a n s v e r s e  d- i rec t ion  

leads t o  an  i n s t a b i l i t y  of t he  stream-plasma system i n  the  w h i s t l e r  mod-e, 

w i t h  t h e  t r a n s v e r s e  e l e c t r o n  gyrat ion s e r v i n g  as an energy source.  B e l l  

e t  a l .  showed t h a t  an  es t imate  of phase mixing or Landau d-amping through 

l o n g i t u d i n a l  v e l o c i t y  spread  ind ica t e s  t h a t  t h e  phase-mixing e f f e c t  

can suppress  t h e  e l e c t r o s t a t i c  ( long i tud - ina l )  i n s t a b i l i t y  without  

suppress ing  w h i s t l e r  growth. Streams approaching magnetic mi r ro r  p o i n t s  

can develop h igh  enough gyratory ene rg ie s  t o  cause w h i s t l e r  e x c i t a t i o n ,  

(It should be kept  i n  mind t h a t  t h e  s i t u a t i o n  analyzed. by 



-16- 

and und.er t y p i c a l  ionospher ic  cond-itions ind- ica t ing  t h e  presence of e l e c -  

t r o n  streams, w h i s t l e r  

a r ecen t  observa t ion  of very  low frequency emissions.  

theory  of B e l l  and Buneman 

a r t i f i c i a l  s t i m u l a t i o n  of ionospheric  w h i s t l e r  emissions by ground.-based- 

 transmitter^^^. 

growth rates a r e  calculated.  t h a t  could exp la in  

The r e s u l t  of t h e  

was compared wi th  t h e  observa t ion  of t h e  

The b a s i c  approach i n  the  theory  of B e l l  and Buneman involves  t h e  

examination of a d i s p e r s i o n  r e l a t i o n  f o r  a gene ra l  d i s t r i b u t i o n  func t ion ,  

us ing  the f i r s t - o r d - e r  Boltzmann-Vlasov equat ion  f o r  e l e c t r o n s .  

1 . 4  VLF Emission and Geomagnetic Disturbances - -  

The c o r r e l a t i o n  between the  chorus a c t i v i t y  and geomagnetic a c t i v i t y  

has  been reported. by Storey38 and Allcock3’. 

i n t e n s i t y  vary ing  g r e a t l y  throughout t h e  d.ay. 

found the l a t i t u d e  e f f e c t  on t h e  d- iurnal  maximum of chorus a c t i v i t y .  

Based on t h e s e  d.ata, Allcock has  shown t h a t  t h e  chorus may be generated 

d i r e c t l y  o r  i n d i r e c t l y  by streams o r  bunches of high-speed charged. p a r t i -  

c l e s  p r e c i p i t a t i n g  i n t o  t h e  ionized. exosphere i n  t h e  presence of t h e  

e a r t h ’ s  magnetic f i e l d . .  

S torey  a l s o  found. t h e  chorus 

Allcock3’ and. Pope40.’41 

Crouchley and Brice4“ and Y 0 ~ h i d . a ~ ~  found. t h a t  t h e  average s t r e n g t h  

o r  occurrence p r o b a b i l i t i e s  of chorus i n c r e a s e  w i t h  i n c r e a s i n g  va lues  of 

t h e  K-index a t  low l a t i t u d e  s t a t i o n s  and. show a maximum a t  moderate 

va lues  of K-index i n  t h e  a u r o r a l  zone. 

E l l i s 4 4  has  found, from t h e  stud.y of  VLF n o i s e  of 5 kc/s a t  Camden, 

A u s t r a l i a  l o c a t e d  a t  a midd-le geomagnetic 1at i tud.e  of 42O, t h a t  a l l  of 

t h e  noise  s torms occurred i n  t h e  main phase of t h e  geomagnetic storm 

and. t h a t  h a l f  of t h e  no i se  b u r s t s  occurred. s imul taneous ly  wi th  p o s i t i v e  

bay. A good- c o r r e l a t i o n  has  been found by T o k ~ d a ~ ~  between t h e  magnitud-e 
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of t h e  proceeding bay-type d-isturbances and. t h e  r i s i n g  t i m e  of s t r e n g t h  

inc reases  of chorus.  

O n d - ~ h ~ ~  has found t h a t  a c lose  c o r r e l a t i o n  ex i s t s  between i n c r e a s e s  

of chorus ind-ices cont inuing  for  a f e w  hours and. geomagnetic pu l sa t ion  

a t  t h e  a u r o r a l  zone, u s ing  t h e  chorus i n d i c e s  and. rapid.-run magnetrogram 

a t  Col lege ,  Alaska,  d.uring July, 1959 t o  December, 1960. The r e s u l t  of  ihc 

observa t ion  ind-icated. t h a t  t he  chorus inc reases  may be generated. by 

pene t r a t ion  of high-speed--charged p a r t i c l e s  i n t a  the exosphel-e, which 

may a l s o  be r e l a t e d  t o  t h e  geomagnetic pu lsa t ion .  

D ~ k u c h a e v ~ ~  has stud-ied the growth of hyd-ro-magnetic waves i n  a 

plasma s t ream moving a long  l i n e s  o f  f o r c e  of a uniform e x t e r n a l  magnetic 

f i e l d .  through a s t a t i o n a r y  ionized. gas.  Both plasmas are assumed. t o  be 

f u l l y  ionized. and quas i -neu t r a l .  Using a gene ra l i zed  O h m ' s  Law i n  t h e  

moving and s t a t i o n a r y  plasmas, hydromagnetic equat ion  of t he  plasmas, 

and. t h e  Maxwell 's equa t ions ,  Dokuchaev has  derived t h e  d- ispers ion equat ion  

f o r  plane electromagnet ic  waves propagating a long  t h e  l i n e s  of magnetic 

f i e l d  H a t  very  low f requencies  (w  << cu 
A 

w/k << c >  on t h e  assumption H' 
t h a t  c o l l i s i o n s  of e l e c t r o n s  with ions  are n e g l i g i b l e .  When kv << wH, 

0 

t h e  d- ispers ion equat ion  i s  given b y  

where v i s  t h e  v e l o c i t y  of t h e  stream, w t h e  wave frequency, k t h e  wave 

number, cu t h e  gyro-frequency of i ons  

0 

H 
I 

= (me + mi) N s , p  t h e  mass d-ensity,  m 
pS ,P e , i  

t h e  e l e c t r o n  and ion  mass, 
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N the number d-ensity of t he  s t ream and t h e  s t a t i o n a r y  plasma. Solving 

f o r  (cu/k) from Eq.  9 yie1d.s 
S,P 

- -  - 
Y 

n 
k N 

l + L  
S 

N 

where v2 = v + v 2 .  Thus i f  t h e  v e l o c i t y  of t h e  stream exceeds t h e  
a a2 s aJp  

Alfvkn v e l o c i t y  ( vo > va) , hyd.romagnetic waves appear  i n  t h e  s t a t i o n a r y -  

plus-s t reaming plasma system. These waves b u i l d  up i n  t i m e .  

The chorus inc rease  may be generated. by t h e  Cerenkov i n s t a b i l i t y  

r e s u l t i n g  from t h e  i n t e r a c t i o n  of charged. p a r t i c l e s  wi th  t h e  exosphere.  

When the v e l o c i t y  of an ionized. s t ream exceeds t h e  Alfven wave v e l o c i t y ,  

t h e  growing hyd-romagnetic wave may appear  i n  t h e  s ta t ionary-p lus-s t reaming 

plasma system. 

t h e  order  of lo7 cm/sec. 

v e l o c i t y  of  lo8 cm/sec and. d e n s i t y  of 10 

a long  the geomagnetic l i n e  of f o r c e  t h e  growing hyd.romagnetic wave 

( lo7 cm/sec) may appear  i n  t h e  exosphere-plus-stream system. These 

hydromagnetic waves may propagate  toward. t h e  e a r t h  i n  the  s t ream moving 

a long  the geomagnetic l i n e  of fo rce  and may be observed as t h e  geomagnetic 

pu lsa t ions .  Thus t h e  i n t e r a c t i o n  of charged p a r t i c l e s  o r  stream pene- 

t r a t i n g  a long  the  geomagnetic l i n e s  of f o r c e  w i t h  t h e  exosphere may 

exp la in  t h e  c l o s e  r e l a t i o n s h i p  between t h e  chorus inc rease  and. t h e  geo- 

magnetic p u l s a t i o n  a t  t h e  a u r o r a l  The observa t ion  of rad-io n o i s e  

from a u r o r a l  e l e c t r o n s  i n  t h e  frequency range of 1 t o  7 mc/s has been 

made by Pa r thasa ra thy  and. B e r k e ~ ~ ~ .  

/ 

The Alfvkn v e l o c i t y  i n  t h e  ou te r  exosphere may be of 

Therefore when t h e  ion ized  stream wi th  t h e  

invad-es t h e  exosphere 

me emission mechanism i s  believed 
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t o  be t h a t  of synchrotron rad-iat ion from primary e l e c t r o n s  s p i r a l l i n g  

d.own t h e  magnetic f ie ld .  l i n e s  i n  the a u r o r a l  zone. It w a s  found. t h a t  

t h e  d i r e c t i o n  of rad- ia t ion approximately coincid-es wi th  t h e  d- i rec t ion  

of t h e  v i s u a l  au ro ra ,  as d-etermined. from t h e  a l l - s k y  camera photograph. 

1.5 Summary of Research of VLF and ELF Emissions - - ---- 
1.5.1 VLF Emissions--Their Re la t ions  wi th  Whis t le rs  -- and High -- 

Energy P a r t i c l e .  The VLF emissions o r i g i n a t i n g  i n  t h e  magnetosphere 

and t h e  upper ionosphere are of p a r t i c u l a r  i n t e r e s t  because of t h e i r  

i n t ima te  r e l a t i o n  t o  w h i s t l e r s  and t o  high-energy p a r t i c l e  phenomena i n  

t h e  magnetosphere. It i s  now considered t o  be w e l l  understood t h a t  VLF 

emissions propagate i n  t h e  w h i s t l e r  mod-e, and t h a t  they  are prod-uced. by 

bunches o r  streams of h igh  energy p a r t i c l e s  moving a long  l i n e s  of fo rce  

i n  t h e  magnetosphere. I n  na tu re  and. energy these  p a r t i c l e s  d-o no t  

d i f f e r  from t h e  Van Allen b e l t  p a r t i c l e s  o r  from t h e  i n t e n s e  fluxes 

of h igh  energy e l e c t r o n s  p r e c i p i t a t i n g  upon t h e  upper atmosphere t h a t  

are observed by high a l t i t u d e  ba l loons .  The source of VLF emissions 

w a s  i n t e r p r e t e d ,  and they  were sys t ema t i ca l ly  stud-ied i n  s e v e r a l  U. S. 

l a b o r a t o r i e s  p r i o r  t o  t h e  discovery of t h e s e  two c l a s s e s  of phenomena 

( e a r l y  1958 f o r  t h e  geomagnetically t rapped  r a d i a t i o n ,  and mid. 1957 f o r  

t h e  p r e c i p i t a t i o n  phenomena). A first review of t h e  p r o p e r t i e s  of VLF 

emissions and t h e  b a s i c  mechanism of t h e i r  product ion w a s  p resented  by 

G a l l e t  a t  t h e  XI I th  U.R.S.I. general  assembly he ld  i n  Bould-er, Colorado, 

September, 1957. It took some t i m e  t o  recognize t h a t  t h e s e  n a t u r a l  r a d i o  

phenomena and t h e  more o r  less d- i rec t  d-etect ion of t rapped o r  p r e c i p i t a t i n g  

p a r t i c l e s  w e r e  d i f f e r e n t  aspec ts  of t h e  same genera l  c l a s s  of geophysical  

phenomena. 
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The relationship between the two fields of observation is far 

from being obvious and. is obscured. by many secondary effects, such as 

the strong variations of the ionospheric absorption for VLF radio signals, 

and the lack of continuous observations of the particle fluxes at the 

same place. The more or less steady Van Allen Belt, a? pictured from 

the Satellite observations, does not produce an observed background. of 

continuous VLF emissions, even if the velocity of the individual psrticles 

is, from the present theory of the emission mechanisms, largely sufficient 

to produce the radio emission. The VLF emissions are essentiallytransient, 

over a wide range of time scales, and. their intensity can be very large 

compared with the threshold of detectability (typical to m-2 

( C / S ) - ’  compared. to 

more closely associated with transient particle activity in the magneto- 

sphere superposed. on the more permanent background. revealed. by satellites. 

In ad-dition, the observed. VLF emissions (sharp and. strong discrete events 

and. hiss, well characterized by their spectra) are not produced. by individ- 

ual particles but are due to the collective effect of excess density 

particles in bunches or streams. 

o r  lo-’’). It follows that VLF emissions are 

From the present state of the theory, as well as from the observed 

periods of certain period-ic emissions (the VLF pulsations), one can 

deduce that, for a large majority of the VLF emissions, the velocities 

of charged particles required. for producing the emissions correspond. to 

electron energies of the order of a fewkey. The recent counter results 

obtained with the Injun I Satellite, equipped to record electrons with 

energies as low as 1 kev and on a very short time Fcale, show very large 

and rapid fluctuations of the particles fluxes, and are in much better 

agreement with the deductions made from the VLF emission observation than 

were the earliest measurements. 
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At the present time it has become clear that VLF emissions are 

closely related. to the dynamics of high energy particle phenomena in the 

magnetosphere. Unlike whistlers, which are an important propagation 

phenomena, VLF emissions are characterized- by an emission process, 

prod-ucing a well d-efined narrow band of frequencies d.ue to the passage 

of relatively few high velocity particles through the ambient plasma. 

When they are emitted, the electromagnetic waves propagate like whistlers. 

To understand. the shape of the d-ynamic spectra of VLF emissions it 

is necessary to take into account the results available from whistler 

stud-ies of the structure of the magnetosphere. 

1.5.2 Trends in the Field. of VLF and. E.LF Emissions Since 1960. 
------e -- 

Gallet*’ recently pointed out that the trend-s in studies of VLF and ELF 

emissions since 1960 are as follows: 

1. The separation between the studies of whistler and. VLF phenomena 

have become clear and better understood. 

2. The study of VLF emission is no longer pursued by itself and. 

there is a deliberate search for the relationship with high energy 

particle phenomena. Furthermore, particle physicists are now aware of 

the importance of these phenomena in their investigations. 

3. It has become evident that there is an important relationship 

between ELF observations and- VLF emissions, and that the customary 

separations were mainly artificial. It has been realized. that at least 

one fraction of the geomagnetic micropulsations have very definite 

spectra, exhibiting well defined frequencies slowly varying with time and. 

very much like VLF emissions. Also at least a fraction of these geo- 

magnetic micropulsation propagates as progressive hyd.romagnetic waves 

through the magnetosphere, or as standing ELF oscillations of parts of the 
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magnetosphere ( s u c h  as a p a r t i c u l a r  bund-le of l i n e s  of f o r c e ) .  

d e t a i l e d  mechanism of t h e  product ion of t h e s e  hydromagnetic waves is 

s t i l l  q u i t e  a mystery a l though they  are r e l a t e d  t o  t h e  i n t e r a c t i o n  of 

s o l a r  plasmas wi th  t h e  magnetosphere. It  i s  poss ib l e  t h a t  some w e l l  

defined. ELF f requencies  are  produced by streams o r  bunches of p a r t i c l e s  

i n  a way similar t o  hydromagnetic waves i n  t h e  traveling-wave-tube 

mechanism producing VLF emissions.  

has  been very  a p p r o p r i a t e l y  used. by Tepley5O. 

The 

The term "Hyd.romagnetic Emission" 

During t h e  same period. some new types of s t u d i e s  have been 

undertaken a t  a f e w  l a b o r a t o r i e s .  They can be character ized-  as 

systematic  a t tempts  t o  re la te  t h e  ind iv idua l  VLF' emission events  t o  o t h e r  

geophysical phenomena and t o  v e r i f y  i n  d.etai1 some predic ted  p r o p e r t i e s .  

These stud-ies can be c l a s s i f i ed .  i n  t h e  fo l lowing  ways: 

1. Magnet ical ly  conjugate  p o i n t  s tud- ies .  

2. Re la t ionsh ip  between VLF emissions and. p r e c i p i t a t i o n  o f  high 

energy e l e c t r o n s  upon t h e  low ionosphere.  

3.  Observation of echoes from s u f f i c i e n t l y  s t r o n g  d i s c r e t e  VLF 

emissions,  and es tab l i shment  t h a t  t h e  d-eformation from one s i g n a l  t o  

t h e  next  i s  due t o  t h e  d- ispers ion of e lec t romagnet ic  waves propagated 

and ref lected.  e x a c t l y  l i k e  w h i s t l e r s .  

4. Stud-y of r e p e t i t i v e  VLF emiss ions ,  which p resen t  p e r i o d i c a l l y  

t h e  same s p e c t r a l  shape. 

emission' '  f o r  convenience. 

These a r e  called.  "VLF p u l s a t i o n "  o r  "period-ic 

5 .  Continuous observa t ions  a t  a network of s t a t i o n s  i n  add-i t ion 

t o  t h e  ord inary  magnetic t ape  r eco rd ing  of h igh  t i m e  r e s o l u t i o n ,  which 

are n e c e s s a r i l y  l i m i t e d  t o  a sampling of two minutes every hour.  These 
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continuous observa t ions  of VLF spec t r a  are made by means of a new i n s t r u -  

ment c a l l e d  a " H i s s  Recorder", which d e l i b e r a t e l y  g ives  a low t i m e  

r e s o l u t i o n  i n  order  t h a t  one day of data occupies a l e n g t h  of 72 cm on 

16-III~ film. 

1.6 

(Watts, Kock and. Gal le t51.  ) 

Some Propagation Aspects of VLF Noise i n  the  Ionosphere -- ----- 
1.6.1 Landau Damping of Whist lers .  I n  r e c e n t  yea r s  t he  Land-au - 

damping theory  has rece ived  a g rea t  d-ea1  of a t t e n t i o n .  

t h e  e f f e c t  of ( c l o s e  range)  c o l l i s i o n  on Landau damping has  been i n v e s t i -  

gated. by Platzman and B u c h ~ b a u m ~ ~ .  At t en t ion  has a l s o  been d-irected. 

t o  cyc lo t ron  d-amping ( t h e  analog of Land-au damping a t  cyc lo t ron  fre- 

quencies )  i n  a c o l l i s i o n l e s s  plasma by S t i ~ ~ ~  and Scarf54. 

For example, 

Scarf54 i n v e s t i g a t e d  t h e  thermal  d-amping of w h i s t l e r s  u s ing  the  

s m a l l  amplitude s o l u t i o n s  t o  the  coupled. Boltzmann-Maxwell equat ions .  

It w a s  found. t h a t  t h e  damping i s  associated.  wi th  cyc lo t ron  resonance 

f o r  a f r a c t i o n  of t h e  e l e c t r o n s  i n  t h e  magnetosphere, and t h a t  t h e  

r e s u l t a n t  a t t e n u a t i o n  provid-es a sha rp  cu to f f  a t  0.5 t o  0.7 of t h e  

minimum cyclo t ron  frequency along t h e  path.  The c o r r e l a t i o n  of w h i s t l e r  

data wi th  t h e  der ived  complex d i spe r s ion  r e l a t i o n  w a s  used t o  eva lua te  

e l e c t r o n  temperatures  a t  seve ra l  e a r t h  r a d - i i ;  a s p e c i f i c  numerical  

example gave T 2: K a t  R = 4% ( g e o c e n t r i c ) .  

The thermal  a n a l y s i s  w a s  app l i ed  by Liemohn and S c a r p 5  t o  data 

supplied. by Pope56, and. t h e  most reasonable  r e s u l t s  f o r  t h e  e f f e c t i v e  

d e n s i t y  and temperature  a t  R/% r (4 - 4.5) appeared t o  be N 2: (200 - 700) 

e l e c t r o n s  pe r  cm3 and T N ( 2 . 5  x lo5' K )  . 
Scarf57 examined. t h e  thermal  a t t enua t ion  of w h i s t l e r s ,  assuming f o r  

s i m p l i c i t y  of a n a l y s i s ,  t h a t  the  e l e c t r o n  component has  a v e l o c i t y  

d i s t r i b u t i o n  of Cauchy form - (v" + a2)c3, wi th  a be ing  r m s  value of 

I n  another  paper,  Liemohn and 
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v e l o c i t y ,  which corresponds t o  an energy depend-ence of when Iv/ >> a. 

It w a s  pointed out  t h a t  t h e  exac t  shape of t h e  d i s t r i b u t i o n  and. t h e  concept 

of temperature are only r e l e v a n t  i n  t h e  sense t h a t  they  g ive  the  f r a c t i o n  

of e l e c t r o n s  t h a t  p a r t i c i p a t e  i n  t h e  damping i n t e r a c t i o n  a t  t h e  Doppler- 

s h i f t e d  phase v e l o c i t y .  For a t o t a l  d-ensi ty  of  200 e l e c t r o n s  pe r  cm3 

a t  R 21 4%, t h e  thermal  a t t e n u a t i o n  mechanism w a s  found t o  pred-ict  an 

e l e c t r o n  flux of - 4 x io5 electrons/cm* s e c  ev. f o r  ene rg ie s  nea r  250 ev. 

S c a r f ' s  small-amplitude theory  has  been re-examined and. ampl i f ied  by 

Tidman and JaggiS8 t o  inc1ud.e t h e  e f f e c t  of t h e  f a s t - p a r t i c l e  f luxes .  

Radio Wave S c a t t e r i n g  by -- Free E lec t rons .  1.6.2 T t  is  w e l l  known - -- 
t h a t  each f r e e  e l e c t r o n  i n  an  ion ized  medium con ta in ing  many f r e e  e l e c t r o n s  

s c a t t e r s  some of t he  energy a s s o c i a t e d  wi th  a r a d i o  wave propagat ing  

through t h e  med-ium. The s c a t t e r  waves ha.ve coherence,  l i m i t e d .  coherence,  

o r  incoherence depending on c e r t a i n  cond.itions of wavelength and geometry. 

Coherent s c a t t e r i n g  i s  t h e  s t anda rd  problem of r e f r a c t i o n  of  r a d i o  

waves by an  ionized. med-ium. L i m i t e d .  coherence,  which means t h a t  only 

t h e  scat tered.  waves from l i m i t e d .  subvolumes of ionized. media are coherent ,  

i s  t h e  problem popular ly  known as "ionospheric  s c a t t e r " .  Complete inco-  

herence of t h e  waves s c a t t e r e d  by f ree  e l e c t r o n s ,  o r  simply incoherent  

s c a t t e r i n g ,  and t h e  cond i t ions  under which it i s  important  has  been 

d iscussed  by Gordon5'. 

f requencies  of t h e  s c a t t e r e d  waves are Doppler -sh i f ted  from t h e  i n c i d e n t  

wave frequency. The width of t h e  spectrum of t h e  s c a t t e r e d  s i g n a l  i s  

the re fo re  a measure of t h e  e l e c t r o n  temperature .  Free e l e c t r o n s  i n  an 

ionized-medium s c a t t e r  r a d i o  waves incohe ren t ly  so  weakly t h a t  t h e  power 

s c a t t e r e d  has prev ious ly  n o t  been s e r i o u s l y  consid-ered. The c a l c u l a t i o n  

made by Gord.on5', however, shows t h a t  t h i s  incoherent  s c a t t e r i n g ,  whi le  

Due t o  t h e  thermal  motion of t h e  e l e c t r o n s ,  t h e  
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weak, i s  d-etectable  wi th  a powerful rad-ar; which thus  l ed .  him t o  conc1ud.e 

t h a t  t h e  r ada r ,  wi th  components each r ep resen t ing  t h e  b e s t  of t h e  p re sen t  

s ta te  of t h e  a r t ,  i s  capable of measuring e l e c t r o n  d-ensi ty  and e l e c t r o n  

temperature  as a func t ion  of he ight  and. t ime a t  a l l  l e v e l s  i n  t h e  e a r t h ' s  

ionosphere and. t o  he igh t s  of one o r  more e a r t h ' s  r a d i i .  

Associated wi th  t h e  suggest ion by Gordon f o r  measurement of e l e c t r o n  

d-ensi ty  i n  t h e  magnetosphere by rad-ar backsca t t e r ing  above t h e  pene t r a t ion  

frequency of t h e  ionosphere,  and t h e  success fu l  a p p l i c a t i o n  of t h i s  method 

by Bowles", numerous p a p e r ~ ~ l - ~ ~  have appeared ana lyz ing  i n  d.etai1 t h e  

theo ry  of t h i s  s c a t t e r i n g  phenomenon. The development of t h e  incoherent  

b a c k s c a t t e r i n g  technique f o r  s tudying t h e  ionosphere and magnetosphere 

has  been perhaps t h e  most important innovat ion i n  ionospheric  r e s e a r c h  

d-uring t h e  l a s t  decad.e6O. 

1.7 Thermal Noise from t h e  Ionosphere - --- 

The radio-frequency noise  picked. up on an antenna o r i g i n a t e s  i n  

v a r i o u s  ways. A t  medium f requencies  p r i n c i p a l  components are man-made 

n o i s e  and atmospherics and. t h e  spectrum should. a l s o  con ta in  a component 

d.ue t o  thermal  rad- ia t ion  from the ionosphere.  Because t h e  ionosphere a c t s  

as an absorber  of r a d i o  waves, it would. n o t  be unreasonable t o  expect  

that  it can a l s o  a c t  as an emi t t e r  of thermal rad-io noise .  It has  been 

conc lus ive ly  demonstrated by var ious  workers t h a t  thermal  emission from 

t h e  D-region can,  und-er favorable  condi t ions ,  be observed wi th  a d i p o l e  

an tenna .  

The thermal  r a d i a t i o n  from t h e  ionosphere has been iden t i f i ed .  and 

They found t h a t  it i s  i n  gene ra l  ve ry  weak, measured by Pawsey e t  al.=. 

corresponding t o  an e f f e c t i v e  antenna temperature  of about  300°K, or 

a f i e l d  s t r e n g t h  of about lo-' volt/m in a frequency band of one kc/s under 
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t h e  cond-ition of observa t ion .  Thei r  observa t ions  l e d .  them t o  suggest  

a new method f o r  stud-ying t h e  e l e c t r o n  temperature i n  t h e  absorbing 

(and. emi t t ing)  p a r t  of t h e  ionosphere,  which f o r  t h e  f r equenc ie s  used 

( 2  mc/s), i s  a t  a he igh t  of about  70 o r  80 km. 

of 240 t o  29OOK ag rees  wi th  o the r  observa t ions  of temperature  a t  t h e s e  

he igh t s .  The argument and method used by Pawsey e t  a l .  i n  an a t tempt  

t o  i d e n t i f y  and measure t h e  thermal r a d i a t i o n  from t h e  ionosphere are 

described as fol lows:  

The measwed. temperature 

Noise i n t e n s i t i e s  may be expressed i n  terms of an  r m s  field 

s t r e n g t h  pe r  given band-width o r  i n  terms of an e f f e c t i v e  antenna tempeya- 

t u r e .  Pawsey e t  a l .  use an e f f e c t i v e  antenna temperature  ! i n  d-egrees 

Kelvin)  defined. as t h e  temperature  of "black" wa l l s  of a hypothe t ica l  

enclosure completely surround.ing t h e  antenna which, i n  t h e  frequency 

band. accepted, would g ive  a mean a v a i l a b l e  power a t  t h e  antenna t e rmina l s  

due t o  thermal r a d i a t i o n ,  equal t o  t h a t  a c t u a l l y  observed. This m0d.e of 

s p e c i f i c a t i o n  i s  q u i t e  gene ra l  and d-oes n o t  presuppose rad-iat ion of thermal 

o r i g i n ,  though it i s  obviously convenient  i n  d- iscussing such rad- ia t ion .  

The r e l a t i o n  between the  component o f  r m  s f i e l d .  s t r e n g t h  i n  

a given d- i rec t ion  i n  a frequency band. €3, and t h e  equ iva len t  antenna 

temperature T i s  de r ived  by equa t ing  t h e  a v a i l a b l e  power due t o  an 

assumed thermal source t o  t h a t  due t o  t h e  given f i e l d  s t r e n g t h  E a c t i n g  on 

a s h o r t - l o s s  free antenna. Thus 

a '  

kTB a = (F)"F., (111 
a 

where k is  Boltzmann cons t an t ,  h i s  t h e  e f f e c t i v e  h e i g h t  of t h e  antenna 

and r i s  i t s  r a d i a t i o n  r e s i s t a n c e .  S ince  f o r  a Her t z i an  double t  of 

l e n g t h  (and hence equ iva len t  h e i g h t )  h ,  r 

wavelength, and f o r  a wavelength of 150 m 

a 

= 80 8 (h/X)', where h i P  

( f  L 2 m c / s ) ,  a frequency 

a 

~~ 
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band of one kc/s and an e f f e c t i v e  temperature  of 300°K, a va lue  commonly 

occurr ing  i n  t h e i r  observa t ion ,  t h e  r m s f i e l d .  s t r e n g t h  i s  0.76 x 10’’ 

volt/m. 

threshold. of s e n s i t i v i t y  of most communication r e c e i v i n g  systems. 

This f i e l d .  s t r e n g t h  i s  several ord-ers of magnitud-e below t h e  

Their  observa t ion  shows t h a t  t h e  n a t u r a l  n o i s e  l eve l  observed. 

on an antenna a t  f requencies  i n  the  v i c i n i t y  of 2 mc/s dur ing  t h e  hours 

around- noon f r e q u e n t l y  f a l l  t o  an i n t e n s i t y  corresponding t o  an equ iva len t  

antenna temperature  between 200 and. 30O0K.  It i s  n o t  observed. t o  f a l l  

below t h i s ,  and. a t  t h e  t i m e s  when t h i s  low l e v e l  i s  observed. t h e  charac-  

t e r i s t i c s  appear similar t o  those of thermal noise .  Furthermore,  t h e r e  

are reasons  f o r  b e l i e v i n g  t h a t  t h i s  l e v e l  cannot be accounted. f o r  i n  t e r m s  

o f  t h e  i n t e g r a t e d  e f f e c t s  of g r e a t  numbers of atmospherics.  Thus they  

a rgue  t h a t  t hese  f a c t s  are s t rong  evid-ence f o r  t h e  hypothesis  t h a t  t h e r e  

i s  a background source of rand-om no i se  of t h i s  i n t e n s i t y .  

source  i s  id-entified.  wi th  thermal r a d i a t i o n  from t h e  ionosphere because 

t h e  measured i n t e n s i t y  agrees  wi th in  t h e  l i m i t  of data wi th  t h a t  d-erived. 

from o the r  sources .  

This background 

This rad- ia t ion ,  from a microscopic viewpoint ,  a r i s e s  from t h e  

a c c e l e r a t i o n  of charged p a r t i c l e s  d-ue t o  c o l l i s i o n s .  Because of  t h e  lower 

mass, e l e c t r o n s  rad-iate very  much more e f f e c t i v e l y  than  ions  s o  t h a t  t h e  

c o n t r i b u t i o n  from ions  should be n e g l i g i b l e  compared wi th  those  from 

e l e c t r o n s .  It w a s  thought t h a t  t h e  absorp t ion  and emission t ake  p lace  

i n  t h e  ion ized  atmosphere below t h e  maximum of e l e c t r o n  d.ensi ty . in  t h e  

E-region,  where t h e  r e f r a c t i v e  ind-ex does no t  d-epart  apprec iab ly  from 

u n i t y .  

measured i n  terms of equ iva len t  temperature ,  from a s m a l l  r eg ion  of 

t h i c k n e s s  Ax a t  a d i s t a n c e  x from t h e  observer ,  w i l l  be  given by t h e  

For a p a r t i c u l a r  d i r e c t i o n  t h e  con t r ibu t ion  t o  thermal  i n t e n s i t y ,  
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product of its electron temperature, T, its emissivity and. the attenu- 

ation along the path to the observer, exp[ - I K d.xl], where K is the power 
absorption coefficient. 

tion the emissivity equals KLZX (under therm0dynami.c equilibrium conditions). 

X 

0 

From the reciprocal law of emission and absorp- 

The equivalent temperature T for this direction is obtained. by 

integrating along the ray and is given by 

e' 

Te 

m 
r, .I TK exp [ -  

X 
n 

I 
0 

K d.x,] dx 

This can be integrated if T and K are known in terms of x. These can be 

determined. for the given direction if the temperature, electron density N, 

and collision frequency v are known functions of height since K is a 

function of N and v. 

Gardne? has made a series of observations of 2 mc/s radio noise 

over a period of about a year at a very quiet site, with the technique 

used. by Pawsey et al. He reported that the derived ionospheric temperature 

ranged between about 200 and 250°K and varies appreciably from day to 

day and. is generally lower and less variable in the winter. Using the 

same technique, Dowd.en7' has made a measurement of the temperature of 

the ionospheric D-region in the auroral zone from observation of 2 mc/s 

radio noise, and compared this result with measurements made in the 

temperate region by Pawsey et al. The temperatures of the undisturbed 

and disturbed ionosphere at the two latitudes are found to be essentially 

similar. 

Little et a1.71 have made the observations of the thermal noise 

level on a 2.89 mc/s dipole antenna near College, Alaska. They reported. 

that in the absence of cosmic noise and other interference, equivalent 
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midd.ay antenna temperatures  d-uring t h e  win ter  were i n  t h e  range of 200'K 

and 250°K which i s  i n  good agreement wi th  t h e  temperature of t h e  n e u t r a l  

gas  i n  t h e  lower p a r t  of t h e  D-region. Night t i m e  observa t ion  dur ing  

au ro ra  indicated.  t h a t  t he  temperature of t h e  e l e c t r o n s  i n  the  lower p a r t  

of t h e  absorbing reg ion  i s  n o t  markedly affected. by t h e  presence of t h e  

au ro ra .  

Although, as i l l u s t r a t e d .  i n  the above, some experimental  observa- 

t i o n s  of t h e  thermal  no i se  from the  ionosphere have been r epor t ed ,  it 

appears  t h a t  no detai led.  stud-y of t h e  thermal  emission mechanism i n  t h e  

ionosphere has eve r  been done. The thermal  r a d i a t i o n  has been neglected. 

because i t s  l e v e l  i s  exceedingly low, as i l l u s t r a t e d  by Pawsey e t  a l . ,  

and it does n o t  c o n s t i t u t e  an apprec iab le  source of i n t e r f e r e n c e  i n  

r a d i o  communication. However, t h e . i n t e r e s t  i n  t h i s  type of r a d i a t i o n  

l i e s  i n  t h e  f a c t  t h a t ,  i f  recognized, it can be used t o  d.erive information 

about  t h e  temperature  of t h e  ionosphere. 

11. SOLAR RADIO NOISE - --- 

2.1 Sporadic So la r  Radio Emission (Radio Burs t s )  : 

and Their  C h a r a c t e r i s t i c s  

-- Sola r  Rad-io B u r s t s  - -- 
-- 

Tne g r e a t  v a r i e t y  of phenomena d-escribed. as r a d i o  bursts i s  r a p i d l y  

i n c r e a s i n g  and it i s  only wi th  the h e l p  of s p e c t r a l  records  t h a t  a b e t t e r  

understand-ing and. c l a s s i f i c a t i o n  of t hese  emissions become poss ib l e .  

The c h a r a c t e r i s t i c s  of b u r s t  emissions i n  d i f f e r e n t  frequency ranges 

d i f f e r  markedly. Fu r the r  i n  the  same frequency range b u r s t  sources  of 

a d i f f e ren t  type may be d i s t ingu i shed .  The b a s i c  observat ion required. 

t o  d e l i n e a t e  rad-io frequency b u r s t s  comprise dynamic s p e c t r a ,  showing t h e  

v a r i a t i o n  i n  i n t e n s i t y  as a func t ion  of bo th  frequency and. t i m e ;  and h igh  
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r e s o l u t i o n  studies of  t h e  p o s i t i o n ,  s i z e ,  shape, movement and b r i g h t n e s s  

temperature  of t h e  e m i t t i n g  reg ion .  For meter-wavelengths ex tens ive  

r e s u l t s  of  bo th  kind-s have been obta ined  and. f a i r l y  w e l l  de f ined  c l a s s i f i -  

c a t i o n  of source types a c b v e d .  

decimeter wavelength),  on t h e  o t h e r  hand., most observa t ions  have been by 

means of rad-iometer of low d i r e c t i v i t y  ope ra t ing  a t  a s i n g l e  frequency. 

Hence stud-ies of microwave b u r s t s  have been l a r g e l y  "morphological" i n  

cha rac t e r  and a t tempts  have been made t o  f i n d  c l a s s i f i c a t i o n s  of t h e  b u r s t  

type  on t h e  form of t h e  t o t a l  power recorded a t  a s i n g l e  frequency ( e . g . ,  

Covington7', Kundu and Haddock73), account  be ing  taken a l s o  of t h e  

d i f f e r e n c e s  i n  t h e  t o t a l  power record-ed. f o r  oppos i te  p o l a r i z a t i o n s .  

I n  t h e  microwave range ( cen t ime te r  and. 

From t h e  c l a s s i c a l  r a d i o  s p e c t r a  of t h e  Aus t r a l i ans  it w a s  w e l l  

known t h a t  t h r e e  main types  of b u r s t s  i n  t h e  meter wavelength range should 

be distinguished..  For Type I t h e  wavelength remains cons t an t  d-wing  t h e  

ex i s t ence  of t h e  b u r s t .  For Type I1 t h e  wavelength i n c r e a s e s  s lowly and. 

f o r  Type 111 i t  inc reases  quickly.  

It  has been known t h a t  l a r g e  o u t b u r s t s  of s o l a r  r a d i o  emission 

from the  sun a r e  sometimes followed. by per iods  of prolonged. r a d i o  ' 'storm" 

( e . g . ,  Hatanaka and. M ~ r i y a m a ~ ~  , Payne-Scott  and L i t t l e 7 " ) .  

t e n  o r  so  yea r s  ago t h e s e  ou tbur s t s  a s s o c i a t e d  w i t h  s torms were presumed. 

t o  be p a r t i c u l a r  ca ses  of  "noise  storm", which d-ominate t h e  meter- 

wavelength r a d i o  records  of t h e  sun over  c e r t a i n  a c t i v e  pe r iods ,  which 

a r e  now c a l l e d  Type I storms. The s p e c t r a l  r eco rds  of Type I storms 

show t h a t  t hey  c o n s i s t  o f  many narrow-band, s h o r t - l i v e d  (0 .1  - 0.2 s e c )  

b u r s t s ,  suspended on a background of cont inuous r a d i a t i o n .  It a l s o  

has  been known t h a t  Type 1 bursts are a s s o c i a t e d  wi th  a sunspot ,  and 

gene ra l ly  are almost completely c i r c u l a r l y  po la r i zed .  The sense  of 

U n t i l  about  
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p o l a r i z a t i o n  i s  d-etermined by a magnetic p o l a r i t y  of t h e  preced-ing s p o t  

a s s o c i a t e d  wi th  Type I b u r s t s .  

Rad-io emission from t h e  sun i n  t h e  form of slow-d-rift  b u r s t s  known 

as ' ' spec t r a l  Type 11" are cha rac t e r i zed  by a narrow band of i n t e n s e  

r a d i a t i o n  t h a t  d r i f t s  toward. lower f requencies  a t  t h e  ra te  of up t o  

1 mc/s and. a du ra t ion  of t he  ord.er of minutes76. 

show f i n e  s t r u c t u r e s ,  frequency s p l i t t i n g  and. herringbone s t r u c t u r e .  

I n  60 pe rcen t  of t h e  cases ,  a fund-amental and. a second hamonic  band have 

been observed., o f t e n  of t h e  same ord-er of i n t e n s i t y ,  while t h e  third.  

harmonic w a s  i n v i s i b l e .  

t h e s e  are t h e  b u r s t s  t h a t  prod-uce magnetic storms on e a r t h .  

Type I1 b u m t s  o f t e n  

The work of Roberts76 and Thompson77 shows t h a t  

B u r s t s  o f  s p e c t r a l  V p e  111, which on many days d-ominate t h e  record. 

of s o l a r  a c t i v i t y  i n  the  meter wavelength spectrum, are recognized. by 

t h e  r a p i d  d - r i f t  of t h e  frequency of maximum i n t e n s i t y  from high  t o  low 

frequency (Wild and. M ~ C r e a d - y ) ~ ~ .  Type I11 b u r s t s  are always a s s o c i a t e d  

w i t h  f l a r e s ,  o f t e n  small  f la res ,  and. more e s p e c i a l l y  wi th  those  showing 

sudd-en pu f f s  o r  da rk  marking t h a t  move away from t h e  f l a r e .  

Next t o  t h e  t h r e e  " c l a s s i c a l "  types of b u r s t s ,  newer Types TV and. 

V have been s tud ied  by va r ious  workers ( Boischot7", McLean", Wild. and- 

h i s  associates81'83). 

While observing t h e  sun with a multi-element i n t e r f e romete r  of 

169 mc/s, Boischot  has mad-e a d i s t i n c t i o n  between ord inary  no i se  s torm 

(Type I )  and storm, i n  which he g ives  t h e  new d e f i n i t i o n  of Type IV 

bursts. The Type I V  burst  is an emission extend-ing through t h e  meter,  

dec imeter  and cent imeter  wavelengths of continuous r a d i a t i o n ,  w i th  low 

frequency c u t o f f ,  mostly following a s t r o n g  f l a r e  with a Type I1 b u r s t .  

It develops smoothly, reaches a maximum a f t e r  20 t o  40 minutes and may 
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l a s t  from one t o  t h r e e  hours .  

cated. phenomena, t h e  r e s o l u t i o n  of va r ious  components i s  n o t  as y e t  

completely known. However, i t  has been suggested. t h a t  t h e  r e s o l u t i o n  

of t h r e e  major components IVm, IVdm and. IVp woule. be u s e f u l  f o r  t h e  t i m e  

beinga4. 

are as followsa5: 

Since t h e  Type I V  b u r s t s  are ve ry  c m p l i -  

Some c h a r a c t e r i s t i c s  observed. by Takakura of t h e  Type IV b u r s t s  

1. The i n t e n s i t y  s p e c t r a  of  Type IV b u r s t s  have gene ra l ly  t h r e e  

maxima correspond-ing t o  t h r e e  components, IVm,  IVdm and IVp. The 

histogram f o r  t h e  c e n t e r  f requencies  have t h r e e  maxima, 70-100 mc/s f o r  

Type I V m ,  300-500 mc/s f o r  Type IVdm and. above 9000 mc/s f o r  Type IVp. 

2. The bandwidth of Type I V m  b u r s t s  i s  almost cons t an t  i r r e s p e c t i v e  

of bo th  t h e  p o s i t i o n  of t h e  rad-io source and t h e  i n t e n s i t y  of t h e  b u r s t s .  

Therefore,  t he  r a d i o  sources  of t h i s  type seem t o  be o p t i c a l l y  t h i n  f o r  

r a d i o  emission. 

3. Owing t o  a d i r e c t i v i t y  of t h e  emission i t s e l f ,  o r  owing t o  a 

propagation e f f e c t ,  t h e  i n t e n s i t i e s  of Type I V m  b u r s t s  and. Type IVdm 

b u r s t s  d.ecrease a t  about  t h e  limb of t h e  sun by a f a c t o r  of 0 .1  and 0.3 

r e spec t ive ly .  Type IVp b u r s t s  are almost  nand-irective. 

4. Some of t he  Type I V m  b u r s t s  show frequency d . r i f t  from high  t o  

l o w  a t  the rate of 30-40 mc/s pe r  minute. 

Type V i s  a l s o  a continuum emission ex tending  over  a ve ry  broad. 

band., but  he re  t h e  cent imeter  wavelength i s  p a r t i c u l a r l y  enhanced.. I t  

i s  much s h o r t e r  and s t r o n g e r  than  Type IV and. g e n e r a l l y  fo l lows  a 

Type I11 b u r s t .  The comparison of t h e  c h a r a c t e r i s t i c s  of va r ious  types  of 

rad- io  b u r s t s  has  been given by Denisse". 



-33- 

2.2 Mechanism of Generation of Solar  Radio Burs t s  - --- 

The ear l ier  s p e c t r a l  observat ion of Type I1 and. I11 b u r s t s  showed. 

t h a t  t h e  frequency d - r i f t  could be in te rpre ted-  as a fas t  outward. movement 

of a d-isturbance through t h e  s o l a r  corona. This i n t e r p r e t a t i o n  i s  based. 

on a "plasma hypothes is" ,  namely t h a t  t h e  rad-io emission w a s  d.ue t o  plasma 

o s c i l l a t i o n s  excited. i n  t h e  coronal  gas surround-ing a s u i t a b l e  kind of 

local ized.  d-isturbance. Since the plasma frequency decreases  with he igh t  

i n  t h e  So la r  corona, t h e  observed d r i f t  from high  t o  low f requencies  

corresponds t o  an outward movement of t h e  d-isturbance. This i n t e r p r e t a t i o n  

w a s  n o t  taken p a r t i c u l a r l y  s e r i o u s l y  u n t i l  subsequent observat ion revealed. 

t h a t  i n  some Type I11 b u r s t s  the source radiated. i n  two band-s correspond.- 

i n g  t o  a fund-amental frequency and i t s  second. harmonic; t h i s  s t r o n g l y  

suggested. t h a t  plasma o s c i l l a t i o n  w a s  responsibles7.  

On t h e  o t h e r  hand., Wild. ,  Sherid-an and. Trent83 working wi th  a 

two-element, swept-frequency in t e r f e romete r  have observed. t h a t  t he  motion 

of t h e  Type IV sources  cover a range of f requencies ,  and they  reported. 

t h a t ,  a t  any one t i m e ,  a l l  f requencies  a r r i v e d  from t h e  same d- i rec t ion  

( w i t h  a l i t t l e  s c a t t e r ) .  

t h e  mechanism of emission i s  not plasma o s c i l l a t i o n ,  s i n c e  rad-iat ion 

e m i t t e d .  from plasma o s c i l l a t i o n s  w i l l  be r e s t r i c t ed .  t o  f requencies  near  

This observa t ion  w a s  taken as evidence t h a t  

t h e  fundamental (and. second. harmonic) of  t h e  plasma frequency i n  t h e  

r eg ion  of  t h e  source and so a wid-e range of f requencies  cannot be e m i t t e d .  

from t h e  same po in t .  

I n  t h e  fo l lowing  t h e  o r ig ins  of va r ious  types  of s o l a r  rad-io b u r s t s  

which have been postulated.  with be reviewed.. 
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Type I Bursts :  -- 

Two p o s s i b i l i t i e s  have been suggested.. 

a .  Plasma O s c i l l a t i o n .  Perhaps shock-magneto hyd-rodynamical waves - 
p lay  the  r o l e  of t h e  e x c i t i n g  agent  (Ginzburg and. Zehelzniakova8). 

An a t tempt  has been made by Sen8’ t o  exp la in  t h e  e x c i t a t i o n  of a 

plasma wave by i n s t a b i l i t y  of t h e  shock wave f r o n t ,  b u t  it w a s  considered 

by Ginzburg e t  a1.88 t o  be groundless .  

b. - Magneto-Bremsstrahlung ( Synchrotron) Rad-iation. Takakura” has  

assumed t h a t  Type I b u r s t s  are caused by synchrotron r a d i a t i o n  of e l e c t r o n  

packets  ( a  s i z e  of every  packet  I ( A ) .  The e l e c t r o n  of every such packet  

g ives  the coherent  r a d i a t i o n ,  b u t  a t o t a l  r a d i a t i o n  of t h e  whole system 

c o n s i s t s  of t he  rad- ia t ion  of sepa ra t e  packets  ( i . e . ,  t h e  e l e c t r o n  phase 

i n  d i f f e r e n t  packets  has a rand-om d i s t r i b u t i o n ) .  Ginzburg e t  al.R8, 

however, have shown t h a t  b u r s t s  of Type I by synchrotron rad- ia t ion  of 

e l e c t r o n s  i s  n o t  l i k e l y  because t h e r e  i s  no reason t o  assume t h a t  e m i t t i n g  

p a r t i c l e s  can cons iderably  change t h e i r  energy i n  a t i m e  51 s e e  (chal-ac- 

t e r i s t i c  of t h e  b u r s t  Q p e  I ) .  

mis1 has deduced t h e  fo l lowing  f e a t u r e s  from t h e  d.ata taken wi th  

an  in t e r f e romete r  and polar imeter  a t  200 mc/s a t  t h e  Tokyo Astronomical 

Observatory: 

a .  The r a d i a t i o n  a t  t h e  source must con ta in  t h e  ord inary  component 

of about  the  same amount as t h e  ex t r ao rd ina ry  component. ( A t  t h e  extreme 

limb the  b u r s t  i s  n e a r l y  unpolar ized . )  From t h e  center - l imb v a r i a t i o n  

i n  p o l a r i z a t i o n  i t  i s  thought  t h a t  t h e  p o l a r i z a t i o n  of t h e  received. 

rad- ia t ion i s  d-ue t o  t h e  d i f f e r e n t i a l  abso rp t ion  of  two mod.es of waves 

a long  t h e  pa th ,  b u t  n o t  d.ue t o  t h e  p o l a r i z a t i o n  a t  t h e  source.  
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b .  Very s t r o n g  rad-iat ion must be emitted. e f f e c t i v e l y  i n  a small 

f requency range. (Center-l imb v a r i a t i o n  i n  i n t e n s i t y  of b u r s t .  ) 

c .  Considerably s t rong  d - i r e c t i v i t y .  Whether it i s  d-ue t o  t h e  

mechanism of genera t ion  o r  t o  t h e  e f f e c t  of t h e  propagat ion i s  no t  c l e a r .  

Probably t h e  magnetic f ie ld .  may p lay  an e s s e n t i a l  r o l e  i n  t h e  genera t ion  

of b u r s t .  The r a d i a t i o n  might be emi t ted  from t h e  plasma o s c i l l a t i o n  

which i s  coupled. wi th  the  magnetic f i e l d . .  

Type I1 B u r s t s :  -- 

Emission i s  d.ue t o  plasma o s c i l l a t i o n  i n  t h e  s o l a r  col-ona; t h e  

d r i f t  ra te  of Type I1 b u r s t s  correspond-s t o  an  outward. v e l o c i t y  of 1000 

t o  1500 km/sec. 

v e l o ~ i t y ~ ~ ~ ’ ~  i s  a shock wave, e . g . ,  t h e  plasma o s c i l l a t i o n  could be 

It i s  thought t h a t  t h e  primary agency wi th  t h i s  

excited. by t h e  passage of a shock f r o n t  ahead of a fas t  moving column 

of gas ( WestfoldS3). 

It i s  poss ib l e  t h a t  e l e c t r o n s  running through t h e  shock wave 

f r o n t  d - i r e c t l y  genera te  t h e  t r ansve r se  electromagnet ic  wave t h a t  i s  seen 

as t h e  Type I1 b u r s t s  (TidmannS4). But t he  shock wave may a c t  i n  t h e  

same way t o  a c c e l e r a t e  p a r t i c l e s  u n t i l  they  radiate Cerenkov plasma waves 

t ha t  s c a t t e r  o f f  d-ensity i r r e g u l a r i t i e s  ( p o s s i b l y  t h e  shock f r o n t  i t s e l f ) .  

-- Type I11 Bursts--(  Plasma O s c i l l a t i o n )  

The d . r i f t  ra te  of Type I11 bursts correspond-s t o  an outward v e l o c i t y  

of  1/4 t o  l / 2 c ,  where c: i s  t h e  v e l o c i t y  of l igh ts5 .  

w i t h  those  v e l o c i t i e s  must s u r e l y  be a stream of charge p a r t i c l e s .  

The primary agency 

A two-step i s  regard-ed as gene ra t ing  the r a d i o  

waves : 

a .  The p a r t i c l e s  e x c i t e  a longi tud- ina l  plasma wave by Cerenkov 

r a d i a t i o n .  
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b. The plasma waves are partially converted into transverse waves 

which can propagate freely to the earth by scattering on inhomogeneities 

in the electron density. 

Type Iv Bursts: 
c_- 

Boischot7' suggested that synchrotron radiation from relativistic 

electrons spiralling in a magnetic field was the cause of this type of 

burst. It is to be noted. that Wild's observations'" are consistent with 

this suggestion. 

Types ,and111 have received. consid-erable attention in the past. 

Because the theory of the shock wave and. its interaction with plasma 

is very complicated. and incomplete, the theory of the Type I1 burst is 

less developed.. An attempt has been made by Ginzburg and. Zhelezniakov" 

to compare different mechanisms of sporadic rad-io emission and. to show 

the relation between them. 

2 .3  Explanation of Some Observed Characteristics -- of Radio Bursts -- 

2.3.1 Type I1 Bursts. - -- 
- a. Harmonics. Most Type I1 bursts have a second. harmonic 

but not third. or higher-order harmonics. Roberts76 suggested. that the 

observed intensity ratio may be explained most directly by assuming that 

they are generated. by a nonlinear oscillation of the plasma with the 

limitation that the oscillation is not sufficiently nonlinear to radiate 

an appreciable third. harmonic. 

Smerd''' considered the traveling-wave solution of nonlinear 

longitudinal electron oscillation in a plasma stream in the absence 

of a magnetic field. He suggested. that if large oscillations of this 

kind were responsible for the solar radio bursts, the bursts should. be 

rich in harmonics, and the amplitude of the third and fourth harmonics 
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might be consid-erable.  

t h a t  l o n g i t u d i n a l  o s c i l l a t i o n  of t h e  plasma i n  t h e  absence of a magnetic 

f i e l d  would g ive  v i r t u a l l y  no rad-io-frequency emission. 

Maxwell and. Thompsons2 pointed. ou t ,  however, 

Krook ( unpublished.) suggested. t h e  explana t ion  a long  t h e  fo l lowing  

l iness2 .  

analyzed. i n t o  a supe rpos i t i on  of pe r iod ic  waves of va r ious  modes and 

f r equenc ie s ,  t h e  propagat ion of t h e  d i s tu rbance  involves  extremely 

complex coupl ing between t h e  va r ious  modes and va r ious  f requencies .  One 

can ,  however, use t h e  superpos i t ion  p i c t u r e  i n  t h e  fol lowing r e s t r i c t e d .  

way. Supposing t h e  behavior  of those  t r a n s v e r s e  components of t h e  

ins tan taneous  d i s tu rbance  correspond. t o  t h e  l o c a l  plasma frequency and. 

i t s  harmonics, some f r a c t i o n  of t h e  energy i n  t h e  wave a t  t h e  l o c a l  

plasma frequency w i l l  escape because of  t h e  outward. motion of  t h e  

d-isturbance through a med-ium of d-ecreasing d e n s i t y .  The second. and. 

Although t h e  l a r g e  amplitude ins tan taneous  d i s tu rbance  may be 

h ighe r  harmonics, however, are only weakly coupled wi th  t h e  medium and. 

can e a s i l y  escape from t h e  region of t h e  d is turbance .  If energy w e r e  

n o t  be ing  t r a n s f e r r e d  continuously from t h e  d i s tu rbances  i n t o  those  h igher  

harmonics, they  would appear only as i n i t i a l  t r a n s i e n t s .  However, t h e  

d e p l e t i o n  of t h e  second and. higher  harmonics i s  counterac ted  by non l inea r  

i n t e r a c t i o n ,  which cont inuously t r a n s f e r s  the energy i n t o  them. The 

p r e c i s e  c h a r a c t e r  of t h e  radio-frequency emission depends i n t i m a t e l y  

on t h e  na tu re  of t h e  nonl inear  transfer mechanisms. 

Sturrocklo2 s tud ied  t h e  i n t e r a c t i o n  between l o n g i t u d i n a l  ( e l e c t r o -  

s t a t i c )  and t r a n s v e r s e  (e lec t romagnet ic )  waves i n  a plasma and showed. 

t h a t  i n  a uniform plasma i n  the  absence of magnetic f i e l d s  t h e  d.ominant 

i n t e r a c t i o n  couples  two long i tud ina l  waves wi th  one t r ansve r se  wave. 

Hence one would. a n t i c i p a t e  t h a t  t h e  dominant nonl inear  mechanism f o r  



- 38- 

r a d i a t i o n  from an excited. plasma 1ead.s t o  emission a t  twice t h e  plasma 

frequency. H i s  c a l c u l a t i o n  indicated.  why genera t ion  a t  t h e  second 

harmonic should be s t r o n g e r  than  t h a t  a t  any h igher  harmonic. A non l inea r  

e f f e c t  w i l l  g ive  r ise  t o  r a d i a t i o n  a t  t h e  fund-amental only a t  an o rde r  

h ighe r  than t h a t  g iv ing  r ise t o  rad- iat ion a t  t h e  second harmonic. 

inhomogeneities of t h e  plasma o r  a magnetic f i e l d  would. promote coupl ing 

between l o n g i t u d i n a l  and. t r a n s v e r s e  mod.es a t  t h e  fund-amental frequency, 

g iv ing  rise t o  r a d i a t i o n .  

why emission i s  observed pred-ominantly a t  t h e  fundmental and. a t  t h e  

second. harmonic. 

However, 

The r e s u l t  given by S tu r rock  seemed t o  exp la in  

Cohenlo3 has pointed out  t h a t  t h e  c h a r a c t e r i s t i c s  of Type I T  

b u r s t s  can be read-i ly  explained by t h e  two-step process ,  as f o r  t he  

Type I11 b u r s t s .  (See  Ginzburga3.) A d i f f e r e n t  p o ~ s i b i l i t y ' ~  i s  t h a t  

t h e  d e n s i t y  r a t i o  a c r o s s  t h e  f a s t  shock wave i s f o u r  and t h e r e f o r e  t h e  

plasma frequencies  j u s t  ahead. of and j u s t  behind t h e  shock wave d i f f e r  

by a f a c t o r  of two. These two plasma f r equenc ie s  could be e x c i t e d  essen-  

t i a l l y  simultaneously by fas t  p a r t i c l e s .  

b.  - S p l i t t i n g  S t ruc tu re .  Many Type I1 b u r s t s  show a s p l i t -  

t i n g  s t r u c t u r e ,  i . e .  , bo th  fundamental and. second harmonic band.s are  

s p l i t  i n t o  two bands each wi th  s e p a r a t i o n  of t h e  o rde r  of 10 mc/s. 

Various a t tempts  t o  exp la in  t h i s  s p l i t t i n g  have been made, gene ra l ly  

based on a p o s i t i o n  of zeros  and s i n g u l a r i t i e s  of t h e  magneto-ionic 

d i spe r s ion  equat ion.  

suggest ionlo4 i s  t h a t  t h e  two f requncies  correspond t o  t h e  ex t r ao rd ina ry  

m o d e  s i n g u l a r i t y  f o r  8 = 0 and. B = II/~. 
s i n g u l a r i t i e s  by Cerenkov r a d i a t i o n .  

plasma waves, and they  might be converted i n t o  t h e  magneto-ionic modes 

Cohenlo3 a l s o  poin ted  out  t h a t  t h e  most p l a u s i b l e  

Waves are generated nea r  t hese  

The waves correspond. c l o s e l y  t o  
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t h a t  can escape t o  t h e  e a r t h  by s c a t t e r i n g  on t h e  ion  component of 

thermal d e n s i t y  f l u c t u a t i o n s .  

2.3.2 Type I11 B u r s t s .  - -- 
a .  Harmonics. The Type 111 b u r s t s  o f t e n  have a second. 

The Cerenkov spectrums7, however, i s  concent ra ted  j u s t  above 

- 

harmonic. 

t h e  l o c a l  plasma frequency, s o  the second harmonic i s  n o t  generated 

d i r e c t l y ,  b u t  r a t h e r  comes from t h e  second. s t e p ,  t h e  s c a t t e r i n g  process .  

The d-ensity inhomogeneities respons ib le  f o r  t h i s  f requency d-oubling must 

themselves be plasma waves. 

Thermal f l u c t u a t i o n s  e x c i t e  plasma waves, b u t  it i s  ve ry  d - i f f i c u l t  t o  

This i s  c a l l e d  "combination ~ c a t t e r i n g " ~ ~ .  

o b t a i n  t h e  r equ i r ed  i n t e n s i t y  of a second harmonic (as i n t e n s e  as t h e  

fundamental)  by thermal  e x c i t a t i o n  alone.  It appears  as t h o u g h t h i s  

s c a t t e r i n g  and. genera t ion  of the second. harmonic resul ted.  when t h e  

Cerenkov plasma wave s c a t t e r s  off t h e i r  cous ins ,  t h e  wave which has been 

generated a moment be fo re  by some preced-ing p a r t i c l e s .  There w i l l  be 

a cont inued over tak ing  and s c a t t e r i n g  of one wave by ano the r  because 

t h e  Cerenkov spectrum i s  d is t r ibu ted .  bo th  i n  ang le  and. i n  frequency, and. 

each component has i t s  own group v e l o c i t y .  The fundamental of Type 111 

b u r s t s  may be obtained. by s c a t t e r i n g  of t h e  Cerenkov plasma wave on t h e  

ion  component of thermal  d-ensity f l u c t u a t i ~ n ~ ~ ~ ~ ~  . This component c o n s i s t s  

of damped. ion  waves and has a spectrum of i t s  own, s o  t h a t  t h e  Type 111 

spectrum i s  t h e  convolut ion of t h e  Cerenkov spectrum and. t h e  f l u c t u a t i o n  

spectrums8. 

b .  - Radiat ion I n t e n s i t y .  The rad- ia t ion  i n t e n s i t y  of Type T I T  

bursts d-epends on t h e  number of p a r t i c l e s  w i th in  t h e  Debye sphere as 

w e l l  as on t h e  type  of r a d i a t i o n  process ,  namely e i t h e r  coherent  o r  

incoherent .  Radia t ion  i n t e n s i t y  has been c a l c u l a t e d  by Ginzburg"" f o r  
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t h e  case of many p a r t i c l e s  pe r  Debye sphere which i s  a two-fluid- s i t u a t i o n ,  

w i th  the  plasma waves generated. by a two-stream i n s t a b i l i t y  l imited by 

non l inea r i ty .  I n  a c e r t a i n  v e l o c i t y  range,  t h e  Cerenkov waves i n t e r a c t  

w i th  t h e  p a r t i c l e s  of t h e  beams, and. t h i s  r e s u l t s  i n  a coherent  bunching 

of t h e  e l ec t rons .  This bunching, which i s  a man i fe s t a t ion  of t h e  double- 

beam i n s t a b i l i t y ,  occurs  a t  v e l o c i t i e s  f o r  which f ' ( v )  > 0, where f ( v )  

i s  t h e  usua l  v e l o c i t y  d i s t r i b u t i o n  func t ion  and produces a g r e a t l y  

enhanced. ra te  of conversion of k i n e t i c  energy t o  e l e c t r o n  o s c i l l a t i o n .  

On t h e  o the r  hand, f o r  t h e  case  of one p a r t i c l e  pe r  Debye sphere,  which 

i s  t h e  independ-ent p a r t i c l e  s i t u a t i o n ,  t he  r a d i a t i o n  i n t e n s i t y  has  been 

d-erived. by Cohens7, wi th  t h e  plasma wave generated by incoherent  Cerenkov 

emission. However, t h e  theory  f o r  t h e  in te rmedia te  case ,  where t h e  

p a r t i c l e s  may be r a d i a t i n g  p a r t i a l l y  coherent ly ,  has no t  been worked out  

y e t .  

c .  Durat ion,  D r i f t  Rate and. Bandwid-th. The d-uration of 

Type I11 bursts can be r e l a t e d  t o  t h e  e l ec t ron -p ro ton  c o l l i s i o n  t i m e .  

t h e  e l e c t r o n  waves a s s o c i a t e d  wi th  t h e  Type 111 burs t s  are exc i ted  by 

t h e  d-ouble-beam i n s t a b i l i t y ,  t h e  s m a l l  n a t u r a l  bandwid-th of t h e  wave 

r e s u l t s  i n  a time cons t an t  of Landau damping t h a t  i s  always n e g l i g i b l e  

compared wi th  the  c o l l i s i o n  frequency. Moreover, e l e c t r o n  s c a t t e r i n g  i s  

apparent ly  more important  than  Landau damping f o r  e s t a b l i s h i n g  a minimum 

d r i f t  rate.  The bandwidth of b u r s t s  should. be determined by t h e  radial 

e x t e n t  of t h e  e x c i t i n g  agent  and by thermal  d-ensi ty  f l u c t u a t i o n  i n  t h e  

c o r  ona . 

- ~ - -  

If 

I n  a nonmagnetic plasma t h e  primary mechanisms r e spons ib l e  f o r  

convert ing l o n g i t u d i n a l  e l e c t r o n  waves i n t o  t r a n s v e r s e  e lec t romagnet ic  

waves a r e  Rayleigh s c a t t e r i n g  and combination ~ c a t t e r i n g ~ ~ .  
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Rayleigh s c a t t e r i n g  produces no change i n  frequency and. t h e r e f o r e  

p l ays  no r o l e  i n  d-etermining the bandwid-th of t h e  escaping rad-iat ion.  

Combination s c a t t e r i n g ,  on t h e  o ther  hand., involves  t h e  s c a t t e r i n g  of 

t h e  excited. waves by e l e c t r o n  waves carr ied.  by the  e l e c t r o n  d-ensity 

f l u c t u a t i o n  of t h e  med ium,  and. the  bandwid-th of t h e  s c a t t e r i n g  wave w i l l  

be  approximately t h e  sum of t h e  band-widths of t h e  two wavess9. 

A sys temat ic  t h e o r e t i c a l  stud.y of t h e  mechanisms of Fporad-ic 

s o l a r  rad-io emission has been mad.e by Ginzburg and. Zehelzniakov88 by 

consid-ering r a d i a t i o n  i n  i s o t r o p i c  and. magnetoactive p lasmas  f o r  coherent  

as w e l l  as incoherent  types .  They pointed. ou t  t h a t ,  gene ra l ly  speaking, 

t h e  stream of charged. p a r t i c l e s  moving i n  the  magnetoactive plasma is 

uns tab le  and w i l l  b r i n g  about  the coherent  r a d i a t i o n  of  ord-inary and 

ex t r ao rd ina ry  waves, when a longi tud-inal  e l e c t r i c  f i e l d  e x i s t s  i n  t h e s e  

waves, which causes  grouping of rad- ia t ing  p a r t i c l e s .  They a l s o  indicqted 

t h a t  a f u r t h e r  development i n  t h e i r  theory  i s  needed. a long  the  fo l lowing  

l i n e s :  

1. To determine t h e  p o l a r i z a t i o n  of t he  magneto-Bremsstrahlung 

h igh - l eve l  rad- ia t ion  above t h e  spot .  

2. To f i n d  t h e  mechanism of e x c i t a t i o n  of plasma o s c i l l a t i o n  lead-ing 

t o  t h e  aFpeal-ance of Type 1 b u r s t s .  

j. To t ake  more completely i n t o  account t h e  reabsorp t ion  f o r  t h e  

incoherent  r a d i a t i o n .  

4. To f i n d  t h e  genera t ion  mechanism of t h e  Type 11 b u r s t s  by the  

streams of slow p a r t i c l e s .  

5 .  To consid-er t h e  s t a b l e  non l inea r  plasma o s c i l l a t i o n  i n  ord.er 

t o  determine t h e  i n t e n s i t i e s  of harmonics. 
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It appears  t h a t  t h e  d e t a i l s  of t h e  genera t ion  of t h e  r a d i o  waves 

from the sun and t h e i r  subsequent propagat ion through the  s o l a r  atmosphere 

t o  t h e  e a r t h  a r e  n o t  a t  a l l  c l e a r  y e t ,  b u t  nonl inear  and. par t ic le-wave 

i n t e r a c t i o n  phenomena are  c e r t a i n l y  involved.  

-- Some Concepts of Elec t ron  Tube Theory and Electro-Magneto-Ionic -- Waves 2.4 

i n  t h e  Stud-y of So la r  Radio Noise - - - - - - - 
-- 2.4.1 Space-Charge-Wave Ampl i f ica t ion  E f f e c t .  Space-charge-wave 

ampl i f i ca t ion  i n  t h e  moving i n t e r a c t i n g  charged beams has been used. i n  

an e l e c t r o n  wave tubelo5-lo7 t o  exp la in  t h e  abnormal i n t e n s i t y  of s o l a r  

r a d i o  O U ~ ~ U ~ S ~ S ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  A mechanism of genera t ion  of rad.io energy, 

which i s  be l i eved  t o  be r e spons ib l e  f o r  t h e  observed. anomalous s o l a r  

n o i s e  has been presented by Haeff23 t o  i n t e r p r e t  t h e  observed d a t a  on t h e  

i n t e n s i t y  of s o l a r  r a d i a t i o n  and. i t s  s p e c t r a l  d i s t r i b u t i o n .  The observed 

ar;omalous r-f rad- ia t ion  from t h e  sun is  a s s o c i a t e d  wi th  sun-spot a c t i v i t y  

and. i s  believed. t o  be generated. w i t h i n  in t e rming l ing  streams of charged. 

p a r t i c l e s  i s s u i n g  from t h e  a c t i v e  area of t he  sun. Such streams a r e  

knowri t o  have t h e  proper ty  of g r e a t l y  ampl i fy ing  i n i t i a l  space-charge 

f l u c t u a t i o n  over a range of f r equenc ie s  determined by t h e  d-ensi ty  and. 

v e l o c i t y  d i s t r i b u t i o n  of t h e  p a r t i c l e  i n  t h e  stream. Haeff has reviewed 

t h e  theory of genera t ion  of r a d i o  energy r e s u l t i n g  from space-charge 

i n t e r a c t i o n  between s t reams of charged p a r t i c l e s  and. app l i ed  t o  t h e  

s o l u t i o n  of solar rad-io n o i s e  problems. The space-charge-wave i n t e r a c t i o n  

i n  streams of charged p a r t i c l e s  r e s u l t s ,  under c e r t a i n  cond.it ions,  i n  

imparting t o  t h e  space occupied by t h e  streams, t h e  c h a r a c t e r i s t i c  of a 

medium having negat ive  a t t e n u a t i o n .  

an  i n i t i a l  pe r tu rba t ion  which e x i s t s  i n  t h e  stream ( s u c h  as caused. by 

This  means t h a t  und-er  such a cond-it ion 

s t a t i s t i c a l  f l u c t u a t i o n ,  e . g . )  w i l l  be ampl i f ied  i n  an  exponent ia l  
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manner as the d-isturbance propagates along the stream. The amplification 

process continues until the available energy is exhausted. This energy 

is derived from the kinetic energy of the particles in the stream so that 

the energy spectrum of the composite electron cloud will be substantially 

modified after a prolonged coexistence of the streams of different ener-gy. 

The kinetic energy is thus partially transferred into the energy of the 

electromagnetic fields associated with space-charge waves and can be 

observed as radiation emanating from the streams of charged particles. 

The method of analysis employed by Haeff is that of the linearized 

( small perturbation) one-dimensional, single-velocity one. 

first-order perturbations of the form V = V 

the complex propagation constant corresponding to a frequency (D, in a 

medium composed of k streams of particles, each of charge e and mas5 n, 

of which the typical nth component stream has a particle density p 

and velocity vn. 

per s ion e quat i ons 2' : 

He considered 

exp (rz -I- jut), where I7 i c  
0 

n 

He stated that ?? is determined by the following (dis- 

where 

In this way, for the special case k = 2, and w1 = wB9 he found that the 

spatial amplification occurs over a limited range of values of the factor 

u(vl - v2)/u1<v% + v2>. 

of "double-beam instability", which is well known. 

out that the frequency of disturbance which can be amplified by the 

It is noted that this is essentially the mechanism 

Haeff also pointed 

space-charge interaction within inhomogeneous clouds does not have to 
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be near the plasma frequency as has always been assumed by previous 

investigators. 

Because of rather good agreement shown between the theoretical 

results and. the observed data, a more detailed. analysis of abnormal 

solar radiation on the basis of Haeff's theory appeared to be profitable. 

Although Haeff's simplified. single-velocity theory d-oes indicate 

the nature of the processes, its application to the solar atmosphere has 

been questioned. since there the thermal velocities are of the ord-er of 

most injected beam velocities or greater. 

re-examined and extended the two-beam case of Haeff's theory and discussed 

the modification introduced by an appropriate model of thermal motion. 

They took into account the effect of thermal velocities by utilizing 

an approximation to a Maxwellian distribution, and found that the possi- 

bility o f  growth exists even for a beam injected velocity much smaller 

than the mean thermal velocity in the region and. narrow band.wid.ths are 

encountered under these circumstances. 

Feinstein and Sen''' have 

The possibility of accounting for much of the abnormal radio noise 

received from the sun on the basis of conversion of the kinetic energy 

of ejected prominent material into electromagnetic radiation has led 

several workers to consider the existence of plasma oscillation by moving 

charge particles. 

The mechanism of conversion of the longitudinal oscillation into 

transverse electromagnetic energy has been stud-ied by various workers, 

e.g., Ginzburg and Zhelezniakov" by scattering process, and. Feinstein 

and Sen''', and Feinsteinl" with the electron tube interaction model. 

When one consid.ers the means utilized for the conversion of the energy 

of longitudinal space-charge waves into transverse electromagnetic 
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o s c i l l a t i o n  i n  many types  of e l e c t r o n  tubes ,  one notes  t ha t  t h e  cav i ty  

en te red  by t h e  bunched beam i s  designed. t o  produce a l a r g e  e l e c t r i c  f i e l d  

i n  t h e  reg ion  t r ave r sed  by t h e  beam f o r  a r e l a t i v e l y  low energy s to rage ,  

a t  t h e  frequency of t h e  space-charge wave. The wavelength of t h e  two 

o s c i l l a t i o n s  w i l l  gene ra l ly  be qu i t e  d i f f e r e n t  under these  cond-it ions,  

b u t  t h i s  does no t  e f f e c t  t h e  energy t r a n s f e r  because t h e  i n t e r a c t i o n  i s  

confined t o  a reg ion  which i s  small compared t o  e i t h e r  wavelength. It 

i s  t h i s  independ-ence of t h e  wavelength of two mod-es which makes it 

poss ib l e  f o r  each t o  s a t i s f y  i t s  own d i spe r s ion  r e l a t i o n .  When t h e  reg ion  

of i n t e r a c t i o n  i s  extended over many wavelengths, on t h e  o the r  band., a 

match i s  requi red  bo th  i n  frequency and. i n  wavelengths i n  o rder  for n e t  

in te rchange  of energy t o  occur.  For such a double matching t o  be i n  

agreement wi th  t h e  d- ispers ion r e l a t i o n  f o r  t h e  two modes (which i p  a 

v e r y  s p e c i a l  c i rcumstance)  t h e r e  w i l l  normally be no e x c i t a t i o n  of t h e  

t r a n s v e r s e  mode. An except ion arises i f  a reg ion  e x i s t s  i n  which t h e  wave 

c h a r a c t e r i s t i c  v a r i e s  considerably wi th in  a wavelength, o r  a period.. The 

e l e c t r o n  tube i n t e r a c t i o n  model o r  i t s  temporal equ iva len t  then becmec 

a p p l i c a b l e  s i n c e  t h e  r a p i d l y  vary ing  condi t ion  permits  a n e t  energy 

d e l i v e r y  wi th  only one of t h e  parameters of t he  two modes matched.. Such 

a s i t u a t i o n  can a r i s e  i f  s t e e p  gradien ts  are p resen t  i n  t h e  m e d - i u a  

c h a r a c t e r i s t i c  a s  might occur near t h e  edge of prominence e rup t ions ,  

o r  i f "  t h e  r a t e  of growth of t h e  l o n g i t u d i n a l  o s c i l l a t i o n  i s  such as t o  

cause  a consid-erable depa r tu re  from uniformity i n  t h e  amp1itud.e of t hese  

o s c i l l a t i o n s  w i t h i n  a wavelength s p a t i a l l y ,  or a pe r iod  ternpol-ally. 

F e i n s t e i n  and Sen suggested t h a t  s i n c e  t h e  usua l  c a l c u l a t e d  growth i s  

v e r y  r a p i d ,  t h i s  l a s t  s t a t e  of a f f a i r s  may w e l l  provide t h e  answer. 
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A quantitative investigation of energy transfer under these conditions 

requires a nonlinear theory. 

The nonlinear theory of space-charge waves in moving interacting 

electron beams has been studied. by Sen’”. 

equation of interaction (without the linear approximation) of two moving, 

one-dimensional, single-velocity electron beams of given densities (with 

sufficient number of ions to make the charges macroscopically neutral). 

This analysis showed that the propagation of a steady-state space-charge 

wave is possible in such a medium. The period of the space-charge wave 

is a function of its amplitude and phase velocity. For small amplitude 

the oscillation is a simple harmonic, and. the characteristic dispersion 

equation23 of the first-order theory is obtained. 

velocity of the wave, the oscillation becomes increasingly anharmonic 

with increase of amplitude. Beyond a particular value of the amplitude 

(which is a function of the phase velocity of the wave), the wave form 

of the oscillation becomes discontinuous. 

to estimate the relative intensity of the second harmonic component in 

solar rad-io bursts, discovered by Wild. and. his co-worker8’. 

analysis based on the antenna theory of electromagnetic radiation from 

an oscillating plasma gives a radio flux of the order of magnitude of that 

observed. Sen also pointed out that this analysis can be extend-ed to 

n-beams and. to the continuous velocity distribution situation. One of 

the essential steps in this analysis is the derivation of nonlinear 

dispersion relations; for the two-beam case this derivation can be made 

with the help of an equation of motion, a continuity equation and a 

Poisson equation. Bohm and Gross1” have derived it for the case with a 

continuous velocity d-istribution. Sen has given a derivation of the 

nonlinear dispersion relation by the Boltzmann equation1lo. 

He considered the complete 

For a given phase 

This theory then was applied’” 

A theoretical 
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Wild and. h i s  co-worker'" have r epor t ed  observing a fund-amental 

and. i t s  harmonics i n  t h e  r a d i o  spectrum of some s o l a r  d- i s twbances .  

Three c h a r a c t e r i s t i c  f e a t u r e s  of the  observa t ion  a r e  as fo l lows:  

1. The frequency band. d r i f t s  toward t h e  lower f requencies  with t i m e .  

2. The rece ived  i n t e n s i t i e s  of t h e  fundamental and. second. harmonic 

a re  similar. 

3. The harmonic peak usua l ly  occurs  a t  s l i g h t l y  less than  twice 

t h e  frequency of t h e  fundamental peak. 

The presence of t h e  second harmonic impl ies  a non l inea r  o s c i l l a t o r  and 

sugges ts  a l o n g i t u d i n a l  plasma o s c i l l a t i o n .  

Smerd.lo" has shown t h a t  exact  traveling-wave s o l u t i o n s ,  r i c h  i n  

even harmonics, can be obta ined  f o r  a non l inea r  plasma o s c i l l a t i o n .  He 

considered. t h e  case  of a longi tud-inal  e l e c t r o n  o s c i l l a t i o n  i n  a plasma 

stream, wi th  t h e  e f f e c t s  of temperature and. magnetic f i e l d .  neglected.. 

H i s  a n a l y s i s  showed t h a t ,  i f  l a r g e  o s c i l l a t i o n s  of t h i s  k ind are respons-  

ib le  f o r  t h e  emission of s o l a r  r ad io  b u r s t s ,  h i s  r e s u l t  would. suggest  

t h a t  harmonics h ighe r  than t h e  second may y e t  be d-iscovered.. 

The space-charge-wave ampl i f i ca t ion  mechanism may be compared. 

w i t h  two o t h e r  mechanisms of plane-wave ampl i f i ca t ion  which were published. 

ear l ier  by Piercelo'  and. Baily112. 

2.4.2 Plane Wave-Amplification. I n  P i e r c e ' s  theory  of f l u c t u a t i o n s  - -- 
i n  a stream of e l e c t r o n s ,  he cons iders  t h e  pe r tu rba t ions  which can ayise 

through t h e  presence of a second stream of charged p a r t i c l e s ,  namely 

p o s i t i v e  ions ,  and obta in  an  equat ion for determining I? which i s  formally 

v e r y  similar t o  Eq. 13. This theory y i e l d s  plane wave ampl i f i ca t ion  

even when t h e  stream v e l o c i t y  of t h e  p o s i t i v e  ions  w a s  neglec ted .  
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B a i l y ' s  theory of spontaneous waves i n  d ischarge  tubes  and i n  the  solar 

and o ther  atmospherics i s  based on t h e  gene ra l  i n v e s t i g a t i o n  of a plane 

wave i n  an ion ized  gas ,  which i s  pervaded. by s t a t i c  e l e c t r i c  and magnetic 

f i e l d s  E and H r e s p e c t i v e l y .  Ba i ly  poin ted  out  t h a t ,  i n  genera l ,  over 

s e v e r a l  ranges of frequency, t h e  ion ized  medium a c t s  as an  a m p l i f i e r  f o r  one 

o r  more of t h e  e i g h t  p o s s i b l e  type  waves, of a given ( r e a l )  frequency, 

A 4 

0 0 

which can t rave l  t u o u g h  it, and. t h a t  through t h i s  mode of wave ampl i f ica-  

t i o n  almost any i n i t i a l  random f l u c t u a t i o n  can grow i n t o  e l e c t r i c  no ise .  

Ba i ly  f u r t h e r  showed t h a t  t h e  presence of a s t a t i c  e l e c t r i c  f i e l d  w a s  found 

t o b e  e s s e n t i a l  and t h a t  of a s t a t i c  magnetic f i e l d  t o  be f avorab le  t o  such 

ampl i f i ca i ion .  

v i b r a t i o n  of  t h e  p o s i t i v e  ions  are neglected*) i s  given as  follow^^'^. 

The fundamental equat ion  of B a i l y ' s  theory  (when t h e  

The complex wave number I ( =  jl?) i s  r e l a t e d  t o  cu by a d i s p e r s i o n  

e quat  ion equ iva len t  t o  

x(y2 - "',z2) + u ' , ~ ~ [ Y ( R  - i v )  - R:Z] 

where X = R2 - ~1~ - 1 - i v R ,  

Y = RX + R - i v Z ,  

z =. 1 2 -  Lo2 ? 

R = CU - U,!, 

U = t h e  mean d r i f t  v e l o c i t y  of t h e  e l e c t r o n s ,  
4 

A A 
R = - e H  /mc ( u s i n g  Gaussian u n i t ) ,  

0 0 

v = 

7 

t h e  c o l l i s i o n  frequency of an  e l e c t r o n  w i t h  molecules and 

= one t h i r d  of t h e  mean square  v e l o c i t y  of a g i t a t i o n  of t h e  

e l ec t rons .  

* The more complete theo ry ,  includ, ing t h e  motion of t h e  p o s i t i v e  ions ,  
has  been given by Baily114 also. 
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The s u b s c r i p t  1 and T, reegec t ive ly ,  d.enote components a long  and. 

t r a n s v e r s e  t o  t h e  p o s i t i v e  z -d i rec t ion  ( o z ) ,  t h e  d- i rec t ion  of wave propa- 

ga t ion  and. t he  units of v e l o c i t y  U and. frequency LU are taken as equa l ,  

r e s p e c t i v e l y  t o  e ,  t h e  v e l o c i t y  of l i g h t  and. p, t h e  e l e c t r o n  plasma 

frequency. 

wave-amplif icat ion e x i s t s  i n  c e r t a i n  frequency-bands und-er any one of 

A 

It can be d-educed from Eq. 14  t h a t ,  when v i s  not  t o o  l a r g e ,  

t h e  fo l lowing  t h r e e  simple condi t ions :  
A. -1 

1. U and. H a r e  p a r a l l e l  t o  oz and. a =- 0. 

2. IJ i s  obl ique t o  oz, H = 0 and. 'I = 0. 

3. 

0 
3 A 

0 
A 2 
U i s  p a r a l l e l  t o  0 2 ,  a > LJ2 (approx. ) and. H = 0. 

0 

These o f f e r  simple examples of wave-amplif icat ion occurl-ing ( i n  

Haeff s phras ing)  "without t h e  presence of any f i e ld - suppor t ing  r e sona to r  

o r  wave-guiding s t r u c t u r e s " .  Moreover, i n  some of t h e s e  examples t h e r e  

i s  an  a s s o c i a t e d  Poynting flux. 

Thus it appears  t h a t  i n  ord-er t o  exp la in  s o l a r  and o the r  e l e c t r i c  

n o i s e  it i s  no t  necessary  t o  pos tu l a t e  ( w i t h  Haeff) i n t e r a c t i o n  of two 

o r  more d i f f e r e n t  components of streams. It i s ,  hcwever, important t o  

n o t e  t h a t  t h e  supe rpos i t i on ,  on a s i n g l e  s t ream of charged p a r t i c l e s ,  

of o t h e r  streams or of a s t a t i c  magnetic f i e l d  o r  of random motion of t h e  

pa r t i c l e s - - each  and a l l  i nc rease  the  e x i s t i n g  capac i ty  of t he  med-ium t o  

ampl i fy  plane waves. 

2 .4 .3  Electromagneto-Ionic Waves i n  a Magnetized Ionized  Region. - -- - - ~ - -  

It has been shown by Bai ly l ld  t h a t  t h e  n o n r e l a t i v i s t i c  theory of plasma 

waves i n  an  ionized. gas pervaded by s t a t i c  e l e c t r i c  and. magnetic f i e l d s  

w a s  found. t o  o f f e r  a simple explanat ion of t h e  spontaneous genera t ion  of 

s t r o n g  high-frequency no i se  i n  a d ischarge  tube  subjected. t o  magnetic 

f i e l d  and- i n  a sunspot.  I n  order  t o  examine t h e  genera t ion  of s o l a r  
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no i se  under t h e  cond-it ion i n  which t h e  e l e c t r o n s  a t t a i n  d r i f t  v e l o c i t i e s  

approaching t h a t  of l i g h t ,  it becomes necessary  t o  consid-er t h e  r e l a t i -  

v i s t i c  effect1’* Y1l6. The r e l a t i v i s t i c  theory  of e lectro-magneto- ionic  

waves has been d-eveloped by 

w a s  re inforced  by t h e  f a c t ,  ind-epend-ently pointed. ou t  by Walker”‘, t h a t  

i n  the  absence of magnetic f i e 1 d . s  and e l e c t r o n  temperatures  t h e  non- 

r e l a t i v i s t i c  theory  may i n c o r r e c t l y  l e a d  t o  c e r t a i n  wave ampl i f i ca t ion .  

B a i l y  showed117 t h a t  i n  t h e  absence of s t a t i c  magnetic f i e l d  wi th  t h e  

e f f e c t  of c o l l i s i o n s  neglec ted ,  e i t h e r  i n  ionized. gas o r  i n  in te rpene-  

t r a t i n g  double streams of e l e c t r o n s ,  c e r t a i n  waves propagated. ob l ique ly  

t o  t h e  d r i f t  motion may both  grow and. possess  Poynting f l u x e s .  These 

f l u x e s  are  such t h a t  c e r t a i n  i n i t i a l  d i s tu rbances  can l e a d  t o  t h e  escape 

of a m p l i f i e d .  e lec t romagnet ic  energy from an ionized. med.ium. The exchange 

of momentum and. energy, between t h e  streams of e l e c t r o n s  and. i ons  and. 

che growing waves, i s  d iscussed  by means of t h e  momentum-energy t e n s o r  of 

t h e  charged. p a r t i c l e  and. of t h e  e lec t romagnet ic  f i e l d . .  

Baily’17 and t h e  need. f o r  such a development 

B a i l y ’ s  theory  i s  based on t h e  fo l lowing  l a w s :  

I. Maxwell’s l a w  f o r  e lec t romagnet ic  f i e l d s .  

11. The conserva t ion  of e l e c t r o n  and. p o s i t i v e  ions .  

111. Maxwell’s l a w  of t h e  t r a n s f e r  of momentum i n  a mixture  of 

d i f f e r e n t  kind.s of p a r t i c l e s .  

The r e s u l t  of t h i s  theory117 shows t h a t  bo th  theory  and. observa t ion  

l end  support  t o  t h e  hypothes is  which B a i l y  suggested.l l2 prev ious ly  t h a t  

a notable  p a r t  of cosmic no i se  and. s t r o n g  s o l a r  n o i s e  o r i g i n a t e s  as 

electromagneto- ionic  waves i n  magnetized ion ized  r eg ions .  



- 111. SUMMARY 

Rad-io noise in the ionosphere may be clessified. into two 

categories--thermal and nonthermal. 

During recent years a great d.eal of attention has been paid to 

the study of VLF emissions (nonthermal), specifically with regard to 

mechanisms of generation as well as its relationship with whistler and. 

with other geomagnetic phenomena. Although various mechanisms of gener- 

ation have been advanced. to d-ate in an attempt to explain the VLF emission, 

it appears that no one particular mechanism is capable of explaining 

a11 features of VLF emission observations, i.e., some types of mechanism 

appear to be more convenient than others to explain certain types of 

VLF emission. 

Most analyses appearing in the literature primarily deal with 

the d-ynamic curve ( frequency-time characteristic) of VLF emissions, 

and no attempt seems to have been made to consider the aspect of radiation 

intensity. 

publications on the subject. 

intensity (power spectrum) which would. most likely involve the energy 

transfer of various kinds as well as the motion of charged. particles and 

would require a nonlinear analysis in ord.er to obtain reasonable results. 

Furthermore linear analyses appear to dominate the existing 

It will be of value to study the radiation 

In contrast to the VLF emission, the thermal radiation (thermal 

noise) from the ionosphere has received very little attention. The main 

reasons for this neglect appear to be due to the fact that, on one hand., 

the thermal noise level measured. on an antenna is usally exceedingly 

l o w  and. it does not constitute an appreciable source of interference in 
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radio communication. On the other hand., the researchers in the field 

of ionospheric phenomena seem to be more interested. in and busy with the 

stud-y of nonthermal processes such as VLF emissions,whistlers and. ELF 

emission, which lie in the frequency range up to 30 kc/s. 

However, it must be pointed. out that this type of radiation 

belongs to a general subject of noise radiated from a plasma, which is 

of great interest, and. if the spectral d-istribution of the emitted energy 

is characteristic of the plasma properties, a measurement of radiation 

provides specific information on the plasma. As an example, knowled-ge 

of the radiated power gives a measurement of the electron temperature in 

the plasma, and this has been used as a powerful d-iagnostic technique. 

For a plasma in a steady state, macroscopic radiative transfer concepts 

without detailed. knowled-ge of atomic processes can be applied. and. emission 

spectra d-etermined from the electromagnetic wave absorption, transmission 

and reflection properties of the plasma. These determinations are compli- 

cated. by the nonuniformity and. geometrical configuration of the emitting 

plasma. 

The survey of the literature indicates that some experimental 

observations and measurements of the thermal radiation (noise) from 

the ionosphere have been mad.e by few workers with a linear antenna 

operating in the vicinity of 2 mc/s, and the electron temperature in 

the D-region of ionosphere has been derived. using a simple analysis 

based on macroscopic concepts. However, it appears that no literature 

is to be found which undertakes a detailed rigorus study of the thermal 

emission in the ionosphere from a microscopic point of view. In order 

to obtain a good. understanding of the fund-mental process involved in 

the thermal emission, it will not be unreasonable to expect that the study 
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of motion of electrons, und-er a general physical cond-ition, will be 

required. in which the general Boltzmann transport equation will enter into 

the analysis. The publications dealing with some effects of electyon 

thermal motion in the ionosphere have appeared. in connection with the 

stud-ies of Landau damping of whistlers, as well as in the stud.y of radio 

wave scattering in the ionosphere and magnetosphere. 

In reviewing the subject of solar rad-io noise, particular attention 

was paid to the mechanism of generation of various types of solar radio 

bursts. It appears that, similar to the case of rad30 noise in the 

ionosphere, various mechanisms have been proposed for various types of 

solar radio bursts, and some mechanisms seem to be more convincing than 

others. The mechanisms postulated so far are quite similar to those 

ad-vanced for the nonthermal emission in the ionosphere. Although the 

synchrotron radiation from relativistic charge particles seems to play 

an important role, it appears that the majority of solar radio bursts 

can be explained by the radiation froq plasma oscillation which can be 

induced. by various means, e.g., by corpuscular stream or by shock wave. 

The space-charge-wave amplification effect (double-stream insta- 

bility), which was d-eveloped originally in the electron tube theory, has 

been applied. to the stud-y of solar rad-io noise emission by various workers 

Although some nonlinear analyses in this connection have appeared. 

in the literature, most publications consid-ered. a simple single velocity 

beam mod-el in the beam-plasma system. 

This review leads us to believe that there are still many areas 

of study on the subject of radio noise requiring investigation. 

of the fact that we are interested in the application of the nonlinear 

microwave tube interaction theories to ionospheric processes and. other 

In view 
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related phenomena, there are few areas which seem to be particularly 

interesting. 

They are listed. as follows: 

1. Selective traveling-wave ampiification process. 

2. Transverse instability. (Plasma instability in the whistler 

mode caused by a gyrating electron stream.) 

bac hard.-wave os c illa t or - c onc e pt I' . 
"Cyclotron resonance 

3. Thermal radiation from the ionosphere. 

4. Land-au damping of whistlers. 

3. Radio wave scattering by free electrons. 

6. Scatter from man-made irregularities in the ionosphere D-region. 

'(. Beam-plasma interaction. (Radiation from plasma oscillation. 

8. Space-charge-wave amplification process. (Double-beam 

instabilities. ) 
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